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ABSTRACT 


Technical  Report 

Spatial  Processing  Group  DSTOS  currently  has  oblique  ionosonde 
transmitters  deployed  in  a  variety  of  remote,  often  unmanned,  locations 
in  tropical,  arid  inland,  and  polar  regions,  and  equipment  reliability  is  of 
the  utmost  importance.  The  commercial  H.F.  power  amplifiers  initially 
installed  proved  unreliable  in  the  field,  and  motivated  the  development 
of  a  more  robust  unit.  10  Watt  and  50  Watt  designs  are  presented  with 
their  measured  characteristics,  and  a  detailed  discussion  of  important 
design  criteria. 
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A  ROBUST  2  -  70MHz  LINEAR  POWER 
AMPLIFIER 


EXECUTIVE  SUMMARY 


Spatial  Processing  Group  (SPG)  operates  and  maintains  several  High  Frequency 
(HF)  transmitters  as  a  part  of  the  Low  Latitude  Ionospheric  Sounding  Program 
(LLISP).  These  transmitters  are  located  in  remote  sites  both  in  Australia  and 
overseas,  with  the  majority  being  in  the  tropics.  Originally,  commercial  power 
amplifiers  were  used  in  the  transmitters.  These  amplifiers  proved  unreliable  in 
the  field  and  at  times  costly  to  repair.  The  majority  of  amplifier  failures  occurred 
in  tropical  regions  and  have  been  attributed  to  the  effects  of  lightning. 


This  report  describes  the  DSTO  design  of  a  robust  10  Watt  and  50  Watt  HF 
Power  Amplifier.  A  key  design  feature  is  the  ability  of  the  power  output  stage 
to  withstand  extremes  of  Standing  Wave  Ratio  (SWR)  and  the  direct  induction  of 
energy  into  the  antenna  driven  element  arising  from  a  nearby  cloud  to  ground 
lightning  strike. 


The  design,  construction,  and  subsequent  implementation  of  the  amplifiers 
described  in  this  report  has  made  a  significant  contribution  to  the  reliability  of 
the  LLISP  network. 
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1.  Introduction 


The  use  of  solid  state  devices,  as  opposed  to  thermionic  valves,  in  small  to 
medium  class  radio  frequency  (R.F.)  power  amplifiers,  has  resulted  in  a  marked 
increase  in  the  occurrence  of  catastrophic  damage  to  the  output  stage  devices 
when  connected  to  antennas  in  the  field.  The  two  main  causes  are: 

1.  Extremes  in  standing  wave  ratio  (S.W.R.). 

2.  High  voltages  and  currents  induced  into  the  antenna  system  by  near 
and  direct  lightning  strikes. 

Spatial  Processing  Group  (S.P.G.)  operates  and  maintains  several  high 
frequency  (H.F.)  transmitters  as  part  of  its  commitment  to  ionospheric  research. 
Most  of  these  transmitters  are  located  in  remote  sites  both  in  Australia  and 
overseas  with  the  majority  being  in  the  tropics.  The  cost  and  logistic  difficulties 
associated  with  having  these  units  returned  for  repair  is  quite  daunting. 
Commercial  units  originally  deployed  have  proved  unreliable  and  at  times  very 
costly  to  repair.  The  units  installed  in  the  tropics  experience  the  highest  failure 
rates,  some  due  to  over-heating,  but  most  because  of  the  effects  of  lightning.  The 
urgent  need  to  keep  S.P.G/S  ionosonde  network  fully  operational  prompted  the 
decision  to  produce  a  more  reliable  amplifier  specifically  designed  to  operate 
under  the  following  conditions. 

(a)  Extremes  in  S.W.R.  at  all  power  levels  without  derating. 

Some  broadband  H.F.  antennas  currently  in  use  have  impedances 
that  are  outside  the  3:1  S.W.R.  circle  for  the  majority  of  their  designed 
frequency  range.  With  sweep  rates  as  high  as  1MHz  per  second  over 
the  range  2  to  70  MHz,  automatic  tuning  of  the  antenna  is  deemed 
impractical.  It  was  considered  essential  therefore  that  the  power 
amplifier  be  designed  to  withstand  extremes  of  standing  waves 
without  having  to  reduce  forward  power. 

(b)  Energy  induced  into  the  antenna  by  lightning  strikes  in  close 
proximity. 

The  majority  of  failures  at  S.P.G.'s  remote  transmitter  sites  located  in 
the  tropics  have  been  caused  by  the  effects  of  lightning.  Correlating 
the  time  of  failure  with  the  local  weather  reports  has  indicated  a 
direct  link  to  thunderstorm  activity.  Examination  of  the  units 
returned  for  repair  showed  no  signs  of  arcing,  missing  or  vaporised 
circuit  board  tracks  or  components.  The  consistent  fault  was  a 
complete  failure  of  the  solid  state  active  output  devices,  but  with  no 
external  appearance  of  damage.  The  lack  of  obvious  damage 
indicated  the  unlikelihood  of  a  direct  lightning  strike  being  the  cause. 
Once  repaired  the  units  were  installed  and  operated  in  one  of 
S.P.G.'s  local  transmitter  sites  near  Adelaide.  They  were  soak  tested 
for  periods  ranging  from  several  weeks  to  several  months  before 
being  sent  back  into  service.  Units  which  performed  faultlessly 
during  their  soak  test  sometimes  failed  within  days  of  being  installed 
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at  remote  tropical  sites.  All  sites  are  airconditioned  so  the  failure 
could  not  be  attributed  to  ambient  air  temperatures.  All  equipment 
is  fitted  with  power  line  conditioning,  therefore  failures  are  unlikely 
to  be  caused  by  fluctuations  or  spikes  on  the  AC  supply.  Computing 
and  other  digital  and  analogue  equipment,  used  for  timing  and  the 
generation  of  the  swept  R.F.  signal  fed  to  the  input  of  the  power 
amplifier,  were  unaffected  and  still  functioned  as  designed.  It  was 
therefore  deduced  that  the  power  amplifier  failures  were  most  likely 
to  be  caused  by  the  direct  induction  of  energy  from  a  near  lightning 
strike  into  the  antenna,  generating  large  differential  voltages  between 
the  inner  and  outer  conductors  of  the  coaxial  feedline. 

(c)  A  wide  range  of  climatic  conditions. 

S.P.G.  currently  operates  ten  transmitter  sites  for  its  ionosonde 
network.  These  sites  range  from  Antarctica,  to  central  Australia,  to 
the  tropics  and  some  are  unmanned  and  remote,  inspected  only 
periodically  by  maintenance  personnel.  Although  the  units  operate 
in  air  conditioned  buildings,  consideration  must  be  given  to  the 
possible  effects  upon  the  system  should  the  air  conditioning  unit  fail. 


All  S.P.G.'s  remote  sites  have  a  10  watt  power  amplifier  as  a  backup  unit  which 
is  brought  into  service  should  the  main  50  watt  amplifier  fail.  This  report 
initially  describes  the  development  of  a  solid  state  10  watt  2-70MHz  R.F. 
amplifier  module  suitable  for  service  in  the  backup  role,  and  functioning  to  the 
new  standard.  The  report  continues  with  the  design  of  a  complete  50  watt 
power  amplifier  to  replace  the  commercial  units  currently  in  use.  The  complete 
power  amplifier  was  required  to  produce  its  rated  output  power  with  OdBm 
input,  and  provision  was  to  be  made  to  disable  the  R.F.  output  as  the  input 
signal  swept  through  emergency  and  other  forbidden  frequencies. 


It  was  felt  that  the  results  of  an  investigation  into  the  points  of  comparison 
between  different  classes  of  operation  and  output  configurations  of  R.F.  power 
amplifiers  with  respect  to  the  conditions  highlighted  in  (a)  and  (b)  above  would 
reveal  the  best  choice  of  design.  Only  the  design  of  the  power  output  stage  will 
be  covered  in  detail. 


2.  Amplifier  Design 

The  2-70MHz  frequency  range  covers  just  over  five  octaves,  and  a  total  of  6  sub¬ 
octave  filters  would  be  required  to  ensure  adequate  attenuation  of  the  harmonic 
output.  Such  a  configuration  would  require  12  changeover  relays,  each  with  a 
100  watt  R.F.  rating  to  switch  between  the  different  filters.  Typical  contact 
electrical  life  of  this  type  of  mechanical  relay  is  100,000  operations.  With  one 
operation  per  relay  per  sweep  and  up  to  12  sweeps  per  hour,  this  amounts  to 
105,120  operations  per  year  per  relay.  The  mean  time  between  failures  for  the 
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twelve  relays  would  be  approximately  one  month.,  which  is  clearly 
unacceptable,  and  another  solution  to  the  harmonic  problem  had  to  be  found. 


The  current  standard  for  the  harmonic  output  of  a  10  watt  R.F.  transmitter  is 
-40dBc  or  better  -  i.e.  with  an  output  level  of  +40dBm,  the  individual  harmonic 
tones  must  be  less  than  OdBm.  Using  these  figures  to  calculate  the  minimum 
required  intercept  points  (ref.12)  gives  an  output  second  order  intercept  point 
(OPIp2)  of  +74dBm  and  an  output  third  order  intercept  point  (OPIp3)  of 
+55-25dBm.  An  amplifier  operating  in  a  linear  mode  produces  the  least  amount 
of  internally  generated  distortion  products  at  its  output.  By  making  the  output 
transistor  configuration  a  push/pull  pair  it  is  possible  to  suppress  the  internally 
generated  even  order  products.  Provided  proper  attention  is  paid  to  matching 
the  active  devices  and  keeping  the  input/ output  matching  circuits  balanced,  the 
OPIp2  of  +74dBm  was  considered  achievable. 


An  OPIp3  of  +55-25dBm  proved  difficult  to  realise,  and  a  closer  examination  of 
the  potential  interference  caused  by  the  third  harmonic  was  undertaken. 
Considering  a  sweep  rate  of  250KHz  per  second  to  be  typical  for  frequency 
modulated  continuous  wave  (FMCW)  soundings,  the  third  harmonic  will  sweep 
at  750KHz/sec.  Since  the  average  bandwidth  for  H.F.  communications  receivers 
is  around  3KHz,  this  3rd  harmonic  component,  as  an  interferer,  will  only  last  for 
approximately  0  004  seconds  and  therefore  does  not  constitute  a  serious 
interference  problem.  The  higher  odd  order  products  will  have  velocities 
proportionally  higher  and  pose  even  less  of  a  problem.  However,  every  effort 
was  made  in  the  design  to  keep  the  magnitude  of  all  harmonic  products  to 
reasonable  levels. 


A  70MHz  low  pass  (L.P.)  5th  order  Chebyshev  filter  will  be  installed  in  the 
power  amplifier  output  to  limit  the  upper  frequency  response. 


Amplifiers  and  antennas  used  for  FMCW  ionosondes  are  normally  broadband, 
spanning  several  octaves,  and  the  level  of  broadband  noise  generated  by  the 
amplifier  and  subsequently  radiated  by  the  antenna  is  a  cause  for  concern.  Most 
modem  active  devices  have  excellent  noise  characteristics  so  the  radiated  noise 
power  will  be  the  noise  generated  by  the  transmitter's  first  pre-amplifier, 
amplified  by  successive  stages  plus  their  noise  contribution.  The  first  pre¬ 
amplifier  should  therefore  have  a  low  noise  figure,  such  that  the  noise  floor  of 
the  signal  source  predominates. 


Having  decided  to  take  advantage  of  the  suppression  of  the  even  order 
harmonics  offered  by  the  push/ pull  configuration,  consideration  was  then  given 
to  the  class  of  bias  to  be  used  in  the  design  of  the  linear  amplifier;  a  crucial 
element  in  the  choice  of  bias  was  an  understanding  of  what  might  happen  at  the 
amplifier's  output  port  when  a  reflected  wave  and  energy  induced  into  the 
antenna  from  a  near  lightning  strike  are  present. 
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The  most  common  form  of  bias  for  push/  pull  circuits  is  class  AB,  and  this 
configuration  will  be  discussed  first.  Although  this  form  of  bias  was  finally 
rejected  for  this  particular  application,  the  design  philosophy  pursued,  the  tests 
done  and  the  reasons  for  rejection  are  considered  to  be  worth  documenting  in 
detail. 


2.1  Class  AB  Bias 

Impedance  matching  of  the  active  devices  to  a  50  Ohm  transmission  line  is 
usually  done  at  the  rated  output  power  of  the  amplifier.  This  ensures  maximum 
power  transfer  from  the  output  of  the  active  devices  to  the  transmission  line. 
However,  the  output  impedance  of  a  class  AB  final  in  its  quiescent  state  is  very 
much  dependent  upon  its  quiescent  current  (Iq).  The  lower  the  Iq  relative  to  the 
current  drawn  by  the  final  push/pull  pair  at  its  rated  output  power,  the  higher 
and  more  removed  from  50  Ohms  this  quiescent  impedance  will  be.  Operating 
the  amplifier  at  a  power  level  below  its  rated  output  alters  the  active  devices' 
dynamic  output  impedance  from  the  point  where  matching  has  been  provided. 
Because  the  matching  network  is  fixed,  the  output  impedance  of  the  amplifier  is 
no  longer  50  Ohms,  and  will  be  somewhere  between  50  Ohms  and  the 
impedance  at  its  quiescent  state,  varying  in  sympathy  with  changing  input  drive 
levels. 


There  is  another  point  to  consider.  No  matter  what  the  input  drive  level  is, 
there  are  two  points  on  the  input  sine  wave  where  the  output  impedance  rises  to 
its  quiescent  state,  i.e.  0°  and  180°.  Also,  it  is  not  uncommon  for  a  class  AB 
power  amplifier  to  have  a  quiescent  current  Vio  that  of  its  final  operating 
current  when  producing  its  rated  R.F.  output. 


To  demonstrate  and  measure  the  effects  of  the  impedance  variations  on  the 
peak  voltage  appearing  at  the  output  terminal  of  the  active  devices,  a  series  of 
measurements  was  carried  out  on  the  completed  10  watt  power  amplifier 
module  described  later  in  this  text.  The  bias  was  adjusted  to  give  an  Iq  of  V 10 
that  of  its  operating  current  when  producing  10  watts  R.F.  output  into  a  dummy 
load.  To  emphasise  the  effect,  a  second  measurement  was  made  with  the  bias 
set  to  0V  where  the  Iq  was  0mA.  A  gate  threshold  voltage  of  approximately  3V 
made  this  equivalent  to  operating  the  amplifier  in  class  C  push/ pull.  A  length 
of  RG-58  coax  cable  T5m  long  was  used  to  connect  the  amplifier  to  the  dummy 
load.  With  the  aid  of  a  network  analyser,  the  velocity  factor  of  this  cable  was 
calculated  to  be  0  63.  A  test  frequency  of  46MHz  was  chosen  for  reasons  which 
will  become  clear  later.  One  of  the  drains  of  the  push/ pull  pair  was  directly 
monitored  with  a  100MHz  oscilloscope  via  a  X10  probe.  The  impedance  of  this 
probe  at  46MHz  is  510  Ohms,  approximately  seven  times  the  drain  impedance  at 
a  drain  current  (Id)  of  50mA  (see  table  V).  Table  I  shows  the  peak  voltages 
measured  at  the  transistor's  drain  using  an  oscilloscope  when  the  output  of  the 
amplifier  was  delivering  10  watts  into  a  50  Ohm  dummy  load  and  also  when  the 
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dummy  load  was  isolated  from  the  amplifier  by  disconnecting  the  coax  cable  at 
the  amplifier's  output  terminal  -  i.e.  the  open  circuit  condition,  with  reflected 
and  incident  waves  in  phase. 


Table  I:  Peak  drain/source  voltage  for  class  AB  push/pull  amplifier  when 

producing  10  watts  into  an  open  circuit  at  the  output  port. 


TERMINATION 

CONDITIONS 

IQ 

50  Ohms 

°/c  at  P.A. 

0  mA 

47  VP 

67  VP 

100  mA 

44  VP 

62  VP 

The  coaxial  cable  was  reconnected  to  the  output  terminal  of  the  amplifier  and 
then  disconnected  from  the  dummy  load  at  the  dummy  load  end.  The  coaxial 
cable  had  a  velocity  factor  of  0.63,  and  was  l-5m  long.  At  the  test  frequency  of 
46Mhz,  the  reflected  wave  arriving  back  at  the  drains  was  therefore  270° 
displaced  from  the  forward  wave.  The  peak  of  the  reflected  wave  arrived  at  the 
drain  when  the  drain  impedance  was  at  its  highest  or  quiescent  state.  Table  II 
shows  the  measured  peak  voltages  at  the  transistor's  drain  when  the  coaxial 
cable  was  both  terminated  and  unterminated  at  the  dummy  load  end. 


Table  II:  Peak  drain/source  voltage  for  class  AB  push/pull  amplifier  when 

producing  10  watts  into  an  unterminated  T5m  coax  cable. 


TERMINATION 

CONDITIONS 

IQ 

50  Ohms 

°/c  at  DUMMY  LOAD 

0mA 

47  VP 

89  VP 

100  mA 

44  VP 

77  VP 

Clearly  these  peak  voltages  exceeded  the  manufacturer's  specification  of  65V 
maximum  for  the  active  devices  employed.  This  impedance  variation,  which 
caused  excessively  high  voltages  to  be  developed  from  the  delayed  return  wave, 
was  obviously  unacceptable,  even  more  so  when  it  was  considered  that  the 
amplifier  under  test  was  capable  of  producing  an  output  6dB  higher. 


There  is  another  reason  why  class  AB  bias  is  undesirable.  Variations  in  output 
impedance  of  the  active  devices,  especially  at  low  current  levels,  create  distortion 
products  that  effectively  degrade  the  output  third  order  intercept  (OPIp3) 
performance.  To  understand  why  this  occurs,  the  test  circuit  shown  in  Fig. la 
was  constructed  to  measure  the  variation  of  drain  impedance  with  drain  current. 
A  network  analyser  was  connected  to  the  drain  via  the  D.C.  blocking  capacitor 
and  a  quick  sweep  was  made  from  1  to  100MHz  to  ensure  there  were  no 
parasitic  resonances.  A  test  frequency  of  7MHz  was  chosen  so  that  the 
impedance  vector  fell  on  the  R  line  on  the  Smith  chart  and  simplified  the 
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calculations.  The  slight  variation  away  from  the  R  line  over  the  range  of  the 
measurements  was  considered  small  enough  to  be  ignored.  Table  V  shows  the 
results  obtained.  In  the  previous  examples  an  operating  current  of  1A  flowed 
when  the  amplifier  delivered  10  watts  to  the  dummy  load.  With  the  Iq  set  to 
100mA,  each  field  effect  transistor  (F.E.T.)  drew  50mA.  Table  V  shows  that  with 
a  quiescent  current  of  50mA  the  output  impedance  was  70  Ohms.  In  the 
push/  pull  configuration  this  equated  to  an  output  impedance  of  approximately 
140  Ohms.  The  output  impedance  would  therefore  change,  with  increasing 
drive  level,  from  140  Ohms  at  the  quiescent  state  to  50  Ohms  at  its  rated  power 
output. 


The  effect  this  impedance  change  has  on  the  OPIp3  was  measured.  A  two-tone 
test  signal  was  injected  at  the  input  and  varied  to  produce  several  different 
output  levels  from  the  class  AB  amplifier.  The  OPIp3  was  recorded.  Table  III 
lists  the  results  obtained. 


Table  III:  OPIp3  versus  input  drive  level  for  class  AB. 


OP  dBm/Tone 

OPIp3  dBm 

+10 

+31  ' 

Iq  =  100mA 

+15 

+33 

+20 

+36 

fl  =  7MHz 

+25 

+42 

+30 

+48 

f2  =  7-01MHz 

+35 

+54 

Note  the  OPIp3  was  proportional  to  the  output  power  level  instead  of  being 
constant  as  is  usually  assumed  in  a  standard  non-linear  analysis.  Also  it  was  at 
its  worst  when  the  amplitude  range  of  the  output  signal  was  predominantly  in 
the  region  where  there  was  the  greatest  drain  impedance  variation.  To  confirm 
that  the  variation  in  drain  impedance  was  causing  the  non-linearity,  the  input 
signal  was  adjusted  to  give  +20dBm  per  tone  at  the  output.  This  corresponded 
to  an  OPIp3  of  +36dBm.  The  frequencies  of  the  two  tones  were  7 MHz  and 
7-01MHz.  A  non-harmonically  related  third  tone  of  61-4MHz  was  then  injected 
into  the  input  and  its  level  increased  to  minimise  the  original  two-tone  signal  s 
3rd  order  products.  This  was  achieved  when  the  output  level  of  the  61  4MHz 
signal  was  at  +40dBm.  The  OPIp3  of  the  amplifier  using  the  original  two  tones 
then  measured  +51dBm.  This  was  an  improvement  of  15dB.  The  small  two-tone 
test  signal  was  now  riding  on  the  back  of  the  larger  10  watt  tone.  It  was  being 
carried  into,  and  spending  most  of  its  time  in,  the  region  where  the  drain 
impedance  was  the  most  constant.  Only  when  the  10  watt  tone  went  through  0 
and  180°  was  the  two  tone  test  signal  subjected  to  the  effects  of  the  varying  drain 
impedance. 


It  can  happen  in  a  field  situation  that  a  transmitter  can  cause  interference  to  a 
local  service,  and  the  offending  signal  must  be  reduced  in  power.  In  such  a 
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situation,  there  is  a  need  to  know  the  relationship  between  the  harmonic  output 
and  the  actual  output  power  level  of  the  fundamental.  An  accepted  rule  of 
thumb  is  for  every  ldB  decrease  in  the  fundamental,  the  second  harmonic  will 
decrease  by  2dB,  the  third  by  3dB  etc..  Class  AB  amplifiers  do  not  follow  this 
simple  rule.  Table  III  clearly  shows  the  transfer  function  is  more  non-linear  at 
low  power  levels  than  it  is  at  higher  power  levels.  Figure  3  shows  the  test  set  up 
employed  to  measure  the  harmonic  output  of  the  test  amplifier  when  its  bias 
was  adjusted  for  both  class  A  and  AB.  A  10-5MHz  L.P.  filter  was  used  to 
attenuate  the  harmonics  of  the  signal  source.  To  demonstrate  the  change  in 
linearity  of  the  transfer  function  with  output  power  for  class  AB,  the  output  was 
reduced  from  10  watts  to  5  watts  and  comparisons  made.  Note  the  effect  this 
3dB  reduction  in  output  power  had  on  the  harmonic  output  when  compared  to 
the  same  amplifier  in  class  A  mode  (refer  figs.  5  to  8). 


A  class  AB  push/ pull  amplifier  can  be  used  as  a  high  power  single  balanced 
mixer,  the  alternate  switching  off  and  on  of  the  power  devices  providing  the 
non-linear  action  required  for  mixing.  Any  A.C.  ripple  that  may  be  on  the 
power  supply  rail  has  the  ability  to  modulate  the  input  R.F.,  especially  if  there  is 
poor  regulation  in  the  bias  circuity,  and  this  ripple  will  be  fed  to  the  input  of  the 
active  devices  in  common  mode.  The  ability  of  the  power  output  stage  to 
function  as  a  mixer  can  also  be  a  source  of  radio  frequency  interference  (R.F.I.). 
Take  for  example  a  transmitter  site  where  there  are  two  antennas  erected 
adjacent  to  one  another.  If  one  of  these  antennas  is  broadband  with  a  broadband 
class  AB  amplifier  connected  to  it,  the  energy  induced  into  it  from  the  adjacent 
antenna  would  see  the  variation  of  drain  impedance  of  the  driven  class  AB 
amplifier  as  a  non-linear  element  and  create  cross  products  with  the  amplifier's 
input  driving  signal.  These  cross  products,  provided  they  are  within  the 
systems  bandwidth,  will  then  be  radiated  by  the  broadband  antenna  and  have 
the  potential  to  cause  R.F.I.. 


2.1.1  Summarising  Class  AB 

The  varying  output  impedance  of  a  driven  class  AB  amplifier  can  be  the  source 
of  many  problems.  It  has  been  shown  that:- 

1.  The  output  impedance  varies  with  signal  level. 

2.  As  a  direct  result  of  the  above,  the  OPIp3  varies  with  signal  level. 

3.  Reflected  waves  have  the  ability  to  generate  peak  voltages  across  the 
outputs  of  active  devices  which  can  exceed  the  manufacturer's 
recommended  maximum  specifications.  These  voltages  maximise  when 
the  peak  of  a  reflected  wave  generated  by  an  infinite  S.W.R.  arrives  at  the 
transistor  drains  as  the  input  signal  is  traversing  0°  or  180°. 

4.  Energy  induced  into  the  antenna  system  from  a  near  lightning  strike  can 
be  analysed  in  a  similar  manner  to  that  of  a  reflected  wave.  The  greatest 
voltages  are  produced  across  the  outputs  of  the  active  devices  when  they 
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are  either  in  their  quiescent  state  or  traversing  0°  or  180°.  This  is 
examined  in  more  detail  under  the  heading  of  Lightning  Protection. 

5.  The  non-linearity  or  the  switching  action  of  a  driven  output  stage  has  the 
ability  to  produce  spurious  products  which  can  be  radiated  causing  R.F.I. 
when  R.F.  energy  radiating  from  an  adjacent  antenna  is  coupled  to  the 
broadband  antenna  driven  by  a  broadband  class  AB  amplifier. 


For  reasons  highlighted  above,  class  AB  power  amplifiers  are  not  the  best 
option  for  broadband  work  covering  several  octaves  of  bandwidth.  They  are 
more  suited  to  spot  frequency  or  narrowband  work  where  tighter  control  of 
antenna  S.W.R.  is  available  through  the  use  of  an  appropriate  matching  network. 
Also,  by  inserting  a  spot  frequency  or  narrowband  filter  between  the  output  port 
of  a  class  AB  amplifier  and  the  antenna:- 

a.  The  generation  of  unwanted  cross  products  caused  by  the  coupling  of 
energy  from  an  adjacent  radiating  antenna  to  the  driven  output  port  of  a 
class  AB  amplifier  can  be  controlled. 

b.  Energy  induced  into  the  antenna  from  a  near  lightning  strike  will  be 
band  limited  upon  its  arrival  at  the  outputs  of  the  semiconductors  and 
hence  minimise  the  risk  of  damage. 


2.2  Class  A  Bias 

With  a  conduction  angle  of  360°,  the  output  impedance  of  a  single-ended  class  A 
amplifier  swings  about  a  point  dictated  by  the  device  characteristics  and 
quiescent  current.  The  larger  the  output  voltage,  the  greater  will  be  the  output 
impedance  swing,  which  will  reach  its  limits  at  cut-off  and  saturation.  The 
application  of  negative  feedback  can  greatly  reduce  the  swing  in  output 
impedance.  The  output  impedance,  which  is  set  by  feedback,  only  becomes 
affected  under  conditions  which  alter  the  loop  gain.  The  output  impedance  can 
be  held  relatively  constant  over  a  very  large  dynamic  range  during  the  full  360 
of  input  drive  by  using  two  class  A  active  devices  to  form  a  push/ pull  circuit.  If 
the  impedance  matching  to  the  output  of  the  active  devices  is  correct,  a  reflected 
wave  returning  to  the  transmitter  will  not  be  re-reflected  upon  its  arrival. 
Instead  it  will  be  absorbed  by  the  active  devices  and  dissipated  as  heat.  This  will 
suppress  the  generation  of  high  peak  voltages  as  explained  in  the  previous  class 
AB  discussion.  This  relatively  constant  output  impedance  also  holds  the  OPIp3 
constant  regardless  of  input  drive  level  until  distortion  of  the  output  envelope 
occurs  through  saturation  or  cut  off.  Also,  by  operating  the  output  active 
devices  in  class  A  the  switching  action  and  its  associated  non-linearity  are 
removed,  the  device  no  longer  acting  like  a  mixer.  A  commensurate  reduction  in 
the  R.F.I.  associated  with  the  coupling  of  energy  from  an  adjacent  antenna  is 
therefore  achieved. 
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2.3  Lightning  Protection 


It  is  assumed  that  no  output  stage  can  suffer  a  direct  strike  by  lightning  and 
remain  functional.  This  discussion  on  lightning  protection  will  therefore  be 
limited  to  ground  strikes  that  are  in  close  proximity  to  the  antenna  and  to  the 
direct  induction  of  energy  from  such  a  strike  into  the  antenna  driven  element. 


Most  of  the  ionosonde  transmitters  operated  by  S.P.G.  are  deployed  in  the 
tropics  between  20°S  and  20°N  to  the  north  of  Australia.  Within  this  region  the 
number  of  thunderstorm  days  per  year  varies  from  20  to  140.  Converting  these 
figures  into  the  expected  number  of  ground  flashes  (ref.4)  gives  3  to  21  cloud  to 
ground  lightning  flashes  per  square  kilometre  per  year.  The  area  within  a  10km 
radius  of  an  antenna  installation  can  experience  between  900  to  over  6000 
ground  strikes  annually. 


Broadband  H.F.  antennas  can  have  large  voltages  and  currents  induced  into 
them  from  the  electro-magnetic  fields  generated  by  close  proximity  lightning 
strikes.  The  magnitude  of  these  voltages  and  currents  at  the  power  amplifier 
output  terminal  depends  on:- 

1.  The  field  strength  surrounding  the  antenna  (ie.  strength  and  proximity  of 
strike), 

2.  antenna  aperture  (frequency  dependent), 

3.  degree  of  matching  between  the  antenna  and  feedline, 

4.  feedline  losses, 

5.  any  lightning  protection  measures  taken,  and 

6.  bandwidth  of  filters  and  impedance  matching  networks  used. 


Energy  induced  into  the  antenna  system  from  a  near  lightning  strike  can  be 
analysed  in  a  similar  manner  to  that  of  a  reflected  wave  when  it  arrives  at  the 
output  port  of  a  solid  state  power  amplifier,  however  the  energy  arriving  at  the 
output  of  the  active  devices  is  impulsive  in  shape  and  can  be  larger  in 
magnitude  than  a  reflected  wave.  The  field  intensity  distribution  of  a  cloud  to 
ground  lightning  strike  peaks  at  approximately  9KHz  with  an  /  _1  frequency 
dependence  from  lOOKHz  to  2MHz,  /  "2  between  2MHz  and  10MHz,  and  /  "5 
above  10MHz  (ref.l).  ( =  3dB/oct;  f1  =  6dB/oct; . f5  =  15dB/oct.). 

From  this  it  can  be  seen  that  the  majority  of  the  energy  radiated  from  a  ground 
strike  lies  below  2MHz.  It  is  a  simple  matter  to  isolate  this  energy  from  the 
amplifier  by  installing  a  2MHz  high  pass  (H.P.)  filter  between  the  amplifier's 
output  port  and  the  antenna.  It  is  important  to  consider  what  impedance  this 
filter  should  present  to  the  out-of-passband  energy  arriving  from  the  antenna. 
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Presenting  this  energy  to  a  high  impedance  encourages  the  development  of  high 
voltages  and  risks  damage  by  exceeding  the  voltage  ratings  of  the  filter  circuit 
components.  A  gas  type  lightning  arrester  could  be  used  to  limit  this  voltage, 
but  this  takes  a  finite  amount  of  time  in  which  to  operate,  during  which  the  filter 
circuit  is  subjected  to  the  high  voltage,  perhaps  causing  breakdown  and  an 
alternative  path  to  be  formed.  This  is  not  acceptable.  Presenting  this  energy  to  a 
low  impedance  prevents  the  development  of  high  voltages,  but  does  produce 
high  currents.  The  magnitude  of  these  currents  is  inversely  proportional  to  the 
impedance  of  the  source,  which  in  this  case  is  the  impedance  of  the  antenna. 
Travelling  wave  antennas  such  as  rhombics  and  deltas  have  termination 
resistors  which  become  the  source  impedance.  Other  broadband  H.F.  antennas, 
e.g.  log  periodics  and  elevated  feed  monopoles,  have  impedances  that  are 
complex  and  frequency  dependent  when  analysed  outside  of  their  designed 
frequency  range.  The  2MHz  H.P.  filter  should  also  provide  a  D.C.  path  to 
ground  to  prevent  any  build  up  of  static  charge  in  the  antenna  system.  From 
this  it  can  be  seen  that  the  first  element  in  the  filter  must  be  a  shunt  inductor  to 
ground.  Figure  9  shows  a  7th  order  0-ldB  Chebyshev  filter  developed  for  this 
purpose.  A  lightning  arrester  was  installed  in  parallel  with  the  first  shunt 
inductor  to  limit  the  peak  in-band  A.C.  voltage.  The  striking  voltage  of  the 
arrester  should  be  at  least  twice  the  maximum  peak  R.F.  voltage  the  amplifier 
can  generate  at  its  output  in  the  forward  direction  when  terminated  into  a  50 
Ohm  dummy  load.  This  ensures  that  at  full  R.F.  output  the  arrester  will  not 
strike  under  extreme  S.W.R.  conditions.  With  a  2MHz  H.P.  and  a  70MHz  L.P. 
filter  installed  in  the  amplifier  output,  the  only  energy  from  a  near  lightning 
strike  that  can  reach  the  drains  of  the  active  devices  is  that  which  lies  within  the 
combined  passbands  of  the  filters.  The  effects  this  energy  can  have  upon  its 
arrival  at  the  drains  will  now  be  examined. 


Solid  state  active  devices  can  be  damaged  by  exposing  them  to  voltages  or 
currents  in  excess  of  the  manufacturer's  safe  operating  conditions.  In  the  case  of 
power  F.E.T.s,  if  the  drain  to  gate  breakdown  voltage  (Vdcr)  is  reached,  the 
resulting  damage  is  usually  instantaneous  and  permanent.  When  the  oxide 
insulating  layer  between  the  gate  and  semi-conductor  substrate  has  been 
punched  through,  the  resulting  current  heats  the  conduction  path.  Often  there  is 
enough  heat  produced  to  melt  some  of  the  metallisation  and  spew  it  along  the 
surface  of  the  breakdown  channel  thus  causing  a  gate  to  semi-conductor 
substrate  short.  Exceeding  the  Vdgr  is  the  main  cause  of  damage  to  R.F.  power 
devices  from  lightning  strikes.  If  the  drain/ source  current  limits  are  exceeded, 
the  resulting  damage  is  usually  caused  by  excessive  heating  of  the  silicon 
junction  resulting  in  thermal  breakdown  then  permanent  damage. 


Excess  voltage  causes  instantaneous  and  permanent  damage  but  excess  current 
takes  time  to  heat  the  junction.  The  amount  of  time  required  to  thermally 
damage  the  junction  is  inversely  proportional  to  the  input  power  applied.  The 
more  power  that  is  dissipated  by  the  junction  the  faster  it  will  heat  to  the  point 
where  damage  occurs.  A  feature  of  a  lightning  strike  is  that  it  produces  a  lot  of 
energy  discharged  within  a  short  period  of  time.  If  this  energy  were  to  arrive  at 
the  drains  of  a  class  AB  amplifier  with  the  active  devices  in  their  quiescent  state, 
the  higher  impedance  presented  would  encourage  the  development  of  high 


10 


voltages  and  risk  drain/ gate  voltage  breakdown.  Even  if  the  amplifier  is  driven 
to  its  full  rated  output,  there  are  still  two  points  on  the  input  driving  wave 
where  the  output  impedance  is  at  its  quiescent  state,  0°  and  180°.  Only  class  A 
bias  with  its  full  360°  conduction  angle  provides  the  constant  drain  impedance 
required  to  suppress  the  generation  of  high  voltages  from  a  reverse  wave  and 
energy  induced  into  the  antenna  from  a  lightning  strike  in  close  proximity. 


It  was  mentioned  earlier  that  high  voltages  at  the  drain  of  an  active  device 
should  be  avoided,  but  high  instantaneous  currents  could  be  tolerated.  Energy 
induced  into  the  antenna  from  a  lightning  strike  is  delivered  to  the  amplifier  via 
a  coaxial  transmission  line,  generally  with  a  nominal  impedance  of  50  Ohms. 
Reducing  this  impedance  by  a  factor  of  four,  using  a  transmission  line 
transformer,  effectively  halves  the  voltage  and  doubles  the  current.  This  makes 
the  induced  energy  more  palatable  from  the  active  devices'  point  of  view, 
especially  if  the  current  can  be  shared  by  devices  connected  in  parallel.  If  the  gas 
discharge  tube  fires  at  200V,  the  very  low  impedance  presented  to  out-of-band 
signals  by  the  2MHz  H.P.  filter  indicates  the  energy  which  caused  the  discharge 
has  to  be  R.F.  in  nature  (ie.  2MHz  and  above)  and  delivered  at  the  impedance  of 
the  transmission  line,  i.e.  50  Ohms.  Applying  Ohms  law  gives  a  current  of  4A. 
Passing  this  through  the  1:4  transmission  line  transformer  in  the  reverse 
direction  gives  a  voltage  of  100V  at  a  current  of  8A.  This  then  becomes  the 
maximum  voltage  and  current  that  the  P.A.  module  will  have  to  withstand  for 
the  duration  of  the  strike  if  it  is  to  have  immunity  from  this  kind  of  damage. 
Typical  times  for  a  ground  to  cloud  strike  are  0T  to  5uS  rise  and  20  to  300uS 
overall  duration  (ref.2).  The  instantaneous  8A  is  acceptable  for  this  duration, 
however  the  100V  still  exceeds  the  manufacturer's  specification  of  65  volts 
maximum,  typical  for  TMOS  transistors.  It  was  intended  to  install  this  1:4 
transmission  line  transformer  into  the  50  watt  design,  therefore  a  way  of 
presenting  this  voltage  to  the  drains  must  be  incorporated  into  the  design  of  the 
output  impedance  matching  network  of  the  power  amplifier. 


3. 10  Watt  Power  Amplifier 

The  choice  of  a  particular  R.F.  power  transistor  for  a  broadband  linear  amplifier 
design,  is  greatly  dependent  on  the  non-linearity  of  the  transistor's  transfer 
function,  since  this  dictates  the  maximum  OPIp3  that  can  be  achieved  without 
using  specialised  techniques  such  as  "Feed  Forward",  or  the  parallelling  of  active 
devices.  The  maximum  OPIp3  is  achieved  when  the  output  of  the  active  device 
is  matched  to  the  transmission  line  with  minimum  losses.  For  example,  if  the 
output  coupling  circuit  had  a  ldB  insertion  loss,  the  active  devices  would  need 
to  be  driven  ldB  harder  to  overcome  this  loss  in  order  to  generate  the  same 
output  power.  By  increasing  the  active  devices  drive  by  ldB,  the  third  order 
products  are  raised  by  3dB,  effectively  reducing  the  amplifier's  OPIp3  by  T5dB. 
If  the  insertion  loss  is  in  the  form  of  an  impedance  mismatch  and  not  dissipative, 
the  resultant  reflected  wave  can  degrade  the  OPIp3  even  further. 
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To  demonstrate  this  effect,  a  broadband  4:1  impedance  ratio  transformer  was 
constructed  from  50  Ohm  coax  and  inserted  directly  at  the  output  port  of  the  10 
watt  power  amplifier  module  when  biased  in  both  class  A  and  AB.  This 
simulated  a  poorly  designed  output  matching  network.  The  amplifier  was  first 
biased  in  class  A  and  connected  directly  to  the  dummy  load.  An  input  two-tone 
signal  was  applied  and  its  level  increased  to  achieve  an  output  level  of 
+30dBm/tone.  OPIp3  was  then  measured.  Holding  the  input  level  constant,  the 
4:1  transformer  was  then  inserted  directly  at  the  output  port  of  the  amplifier  to 
reduce  the  amplifier's  output  impedance  by  a  factor  of  four.  The  deviation  in  dB 
from  +30dBm/tone  was  measured  together  with  the  new  OPIp3.  The 
transformer  was  then  reversed,  increasing  the  output  impedance  of  the  amplifier 
by  a  factor  of  four.  Again  the  deviation  in  dB  of  the  two  tones  from  +30dBm  and 
OPIp3  was  measured.  This  procedure  was  then  repeated  for  class  AB.  The 
output  level  was  then  increased  to  +35dBm/tone  and  the  measurements 
repeated  for  both  classes  of  operation.  Table  IV  lists  the  results.  It  is  interesting 
to  note  a  2dB  improvement  in  OPIp3  for  class  AB  +30dBm/tone  when  the 
transformer  was  used  to  decrease  the  output  impedance.  This  highlights  the 
variation  of  output  impedance  of  class  AB  with  input  drive  level.  The  4.1 
transformer  provided  a  better  impedance  match  at  the  +30dBm/tone  level  and 
hence  an  improvement  in  OPIP3.  Also  note  that  only  when  the  class  AB 
amplifier  was  driven  close  to  its  rated  output  power  did  its  overall  performance 
with  respect  to  the  OPIp3  under  mismatched  conditions  approach  that  of  the 
class  A  amplifier.  The  number  in  the  lower  right  of  each  box  indicates  the 
deviation  in  dB  of  the  power  contained  in  each  tone  from  the  straight  through 
connection. 


Table  IV:  Variation  in  OPIp3  for  class  A  and  AB  with  4:1  and  1:4  impedance 

mismatch. 


CLASS  A 

+30  dBm/ Tone 

CLASS  AB 

+30  dBm/Tone 

CLASS  A 

+35  dBm/Tone 

CLASS  AB 

+35  dBm/Tone 

STRAIGHT 
THROUGH 
CONNECTION  TO 
50  OHM  LOAD 

+56-5  dBm 
OdB 

+48  dBm 

OdB 

+55-3  dBm 
OdB 

+53-7  dBm 

OdB 

OUTPUT 
IMPEDANCE 
DECREASED  BY  A 
FACTOR  OF  4 

+52-6  dBm 

-24dB 

+50  dBm 

OdB 

+46-2  dBm 
-3dB 

+45-3  dBm 

-l-7dB 

OUTPUT 
IMPEDANCE 
INCREASED  BY  A 
FACTOR  OF  4 

+52-2  dBm 
-2-8dB 

+42-8  dBm 
-3-7dB 

+50  dBm 

-2-7dB 

+491  dBm 
-2dB 

The  l-2dB  reduction  in  OPIp3  for  the  straight  through  connection  of  class  A  at 
+35dBm/tone  from  that  at  +30dBm  was  produced  by  the  peak  of  the  two-tone 
envelope  entering  the  ldBcomp  point. 
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To  achieve  the  five  octaves  of  bandwidth  required,  the  output  transformer  had 
to  be  in  the  form  of  a  transmission  line.  This  restricted  the  number  of  possible 
impedance  transformation  ratio  combinations.  Maximum  transfer  of  power  for  a 
given  class  of  operation  is  achieved  when  the  output  impedance  of  the  active 
device  is  matched  to  the  transmission  line  with  minimum  losses.  Therefore,  the 
dynamic  output  impedance  (rd)  of  the  active  devices  needed  to  be  tailored  to 
match  that  offered  by  the  transformer  used  for  impedance  matching.  The 
objective  then  was  not  to  try  and  match  a  given  output  impedance  to  a 
transmission  line,  but  to  tailor  the  output  impedance  to  match  that  offered  by  the 
matching  transformer,  with  its  fixed  turns  ratio,  as  it  transforms  the  impedance 
of  the  transmission  line  or  dummy  load. 


3.1  Tailoring  The  Output  Impedance 

The  manufacturer's  data  on  the  MRF136  transistor  quotes  an  output  power 
rating  of  15  watts  at  a  Vcc  of  28  V.  When  two  are  used  as  a  push/ pull  pair  they 
should  be  capable  of  delivering  30  watts.  This  meets  the  10  watt  specification 
and  allows  approximately  5dB  of  headroom.  The  derating  of  the  transistors 
from  the  manufacturer's  rated  output  of  30  watts  for  a  push/pull  pair  to  10 
watts  is  required  to  ensure  the  harmonic  output  meets  with  the  current 
standards.  The  following  formula  was  used  to  calculate  the  output  impedance 
of  each  of  the  push/ pull  transistors 


n- 


(Vds  -Vds(on)) 


2P 


(1) 


where,  rd  =  the  active  devices  dynamic  output  impedance. 

Vds  =  potential  difference  between  drain  and  source. 
Vds(ON)  =  drain-source  on  voltage. 

P  =  power. 


Vds(on)  was  not  listed  in  the  manufacturer's  data  and  therefore  a  measurement 
was  made  with  a  gate-source  voltage  of  10  volts  and  a  drain  current  of  1A. 
Vds(on)  was  found  to  be  1-3V.  Substituting  P=15W,  Vds  =  28V  and  Vds(on)  = 
1-3V  then  solving  for  rd  gives  24  Ohms.  This  calculation  was  done  to  obtain  the 
active  devices'  dynamic  output  impedance  required  to  produce  the  required 
power.  Resistive  feedback  was  used  between  the  drain  and  gate  to  stabilise  the 
gain,  and  the  output  impedance  was  tailored  using  Miller's  theorem  to  provide 
an  impedance  match  to  the  transmission  line  transformer. 


It  is  possible  to  effectively  tailor,  within  reasonable  bounds,  the  dynamic 
output  impedance  to  be  any  chosen  value.  However,  lowering  this  dynamic 
impedance  through  the  Miller  effect  from  the  required  24  Ohms  to  say  six  Ohms, 
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holding  Vcc  constant  and  re-arranging  equation  (1)  to  solve  for  power,  does  not 
mean  it  is  possible  to  extract  more  power  out  of  the  active  device.  The 
maximum  power  that  can  be  obtained  is  very  much  dependent  upon  the  active 
devices'  internal  physical  construction.  Provided  the  match  to  the  six  Ohms  is 
correct,  it  should  still  be  possible  to  obtain  the  15  watts  the  device  is  capable  of 
delivering  minus  the  increase  in  losses  due  to  the  lower  impedance,  especially  at 
the  higher  frequencies.  These  losses  are  usually  in  the  form  of  skin  effect 
resistance  and  stray  circuit  inductance.  To  highlight  these  losses,  two  lengths  of 
tinned  copper  wire  were  soldered  15mm  apart  onto  a  piece  of  tinned  half  ounce 
copper  P.C.B.  material.  This  simulated  the  coupling  between  two  discrete 
components,  say  two  bypass  capacitors,  via  a  P.C.B.  ground  plane.  The  free 
ends  of  the  wires  were  then  connected  to  an  H.P.-4191  R.F.  impedance  analyser 
and  the  circuit  parameters  at  2MHz  and  70MHz  measured.  The  P.C.B.  material 
was  then  removed  without  disturbing  the  connection  of  the  wires  at  the 
analyser,  and  the  ends  that  were  attached  to  the  P.C.B.  material  were  soldered 
together.  A  second  set  of  measurements  was  taken  at  2MHz  and  70MHz  and 
subtracted  from  their  respective  first.  The  skin  effect  resistance  of  the  15mm 
path  of  P.C.B.  ground  plane  increased  from  a  few  milliohms  at  2MHz  to  0-26 
Ohm  at  70MHz.  The  slight  variation  of  the  measured  5-5nH  inductance  of  the 
ground  plane  between  the  two  frequencies  was  considered  small  enough  to  be 
ignored.  At  2MHz  there  was  an  inductive  reactance  of  01  Ohm,  at  70MHz  this 
reactance  rose  to  2-4  Ohms.  Although  this  was  just  one  of  many  possible  circuit 
paths  on  a  P.C.B.  layout,  it  served  to  show  that  series  distributed  circuit 
inductance  would  limit  the  upper  frequency  response.  Designing  a  broadband 
amplifier  to  cover  this  frequency  range  with  an  rd  of  six  Ohms  requires  careful 
consideration  of  component  placement  on  a  P.C.B.  layout.  The  OPIp3  of  the 
device  should  be  unaffected  throughout  its  dynamic  range  when  operating  at 
this  low  rd. 


By  increasing  the  dynamic  output  impedance  to  96  Ohms,  again  holding  Vcc 
constant  and  providing  the  appropriate  matching  circuit,  it  was  found  that  the 
amplifier's  OPIp3  was  the  same  as  for  the  previous  example  for  peak  output 
powers  up  to  but  not  exceeding  approximately  3  7  watts.  This  is  the  figure  that 
is  returned  when  equation  (1)  is  re-arranged  to  solve  for  power.  In  pursuing 
peak  powers  greater  than  this,  the  OPIp3  will  degrade  and  the  harmonic  content 
will  increase  beyond  what  would  be  intuitively  expected  for  a  15  watt  device. 
The  problems  associated  with  an  rd  of  six  Ohms  with  respect  to  the  distributed 
circuit  inductance  and  skin  effect  would  hardly  be  noticed  at  this  higher  rd  of  96 
Ohms.  The  amplifier  is  however  sensitive  to  circuit  capacitance  and  it  is  this 
which  affects  the  upper  frequency  response. 


One  final  configuration  will  be  discussed.  It  has  already  been  shown  that  to 
deliver  15  watts  of  R.F.  from  a  28V  rail  requires  an  output  impedance  or  an  rd  of 
24  Ohms.  A  matching  network  was  designed  to  match  the  24  Ohms  to  50  Ohms 
and  was  attached  to  the  output  of  the  active  device.  Next,  by  consulting  the 
manufacturer's  data  sheets  the  active  devices'  input  impedance  was  calculated 
and  the  appropriate  matching  circuit  provided.  With  the  gate  impedance 
known,  the  feedback  resistor  (Rf)  value  was  readily  calculated  and  installed 
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between  gate  and  drain  to  give  the  required  gain.  The  circuit  was  now  complete 
and  tests  were  carried  out  to  check  its  performance. 


The  output  impedance  required  to  deliver  the  15  watts  from  a  28V  supply  was 
calculated  and  a  suitable  matching  circuit  provided.  However,  the  results  were 
disappointing.  Proper  consideration  had  not  been  given  to  the  effects  of  the 
feedback  resistor  upon  the  input  (Zn)  and  output  (Z22)  impedances  once  it  was 
placed  in  circuit.  The  manufacturer's  data  handbook  specified  Z11  and  Z22  for 
the  Vcc  and  output  power  required,  but  only  in  the  absence  of  any  feedback. 
Once  feedback  is  added  to  the  device  its  characteristics  change,  and  the  more 
feedback  that  is  applied  the  greater  is  the  change.  In  the  current  case,  feedback 
had  altered  the  devices'  output  impedance  to  some  value  other  than  24  Ohms, 
and  the  matching  circuit  therefore  was  no  longer  optimum,  resulting  in  a 
degradation  in  the  amplifier's  performance. 


A  design  method  to  ensure  the  correct  value  of  rd  is  achieved  is  now  presented. 
This  method  sacrifices  the  ability  to  choose  gain  in  preference  to  being  able  to 
dictate  a  value  for  rd.  An  rd  of  approximately  24  Ohms  in  a  push/pull 
configuration  gives  a  drain  to  drain  impedance  of  48  Ohms.  The  closest 
transformer  ratio  to  match  this  to  a  transmission  line  impedance  of  50  Ohms  is 
1:1.  Working  backwards  now  from  the  50  Ohm  transmission  line  through  the 
1:1  transformer  gives  a  drain  to  drain  impedance  of  50  Ohms  or  an  rd  of  25 
Ohms.  This  value  of  rd  will  be  achieved  by  tailoring  the  circuit  elements 
contributing  to  the  Miller  effect. 


Before  the  value  of  Rf  could  be  derived  the  input  impedance  or  shunt  Miller 
resistance  to  ground  needed  to  be  chosen.  It  had  to  be  low  in  order  to  swamp 
out  the  input  capacitance  at  the  gate  at  70MHz.  By  making  the  input  and  output 
impedances  50  Ohms  the  push/pull  amplifier  could  be  a  stand  alone  module, 
making  designing  and  testing  easier.  A  transmission  line  transformer  with  a 
ratio  of  1:1  has  the  widest  frequency  response  (measured  in  octaves)  when 
compared  to  transformers  with  ratios  other  than  1:1.  Its  upper  frequency 
response  is  not  limited  by  the  transmission  line  length  (ref. 3).  With  a  frequency 
range  of  2MHz  to  70MHz  or  just  over  5  octaves  the  1:1  ratio  transformer  became 
the  logical  choice.  Inserting  this  at  the  input  would  give  a  gate  to  gate 
impedance  of  50  Ohms  or  a  gate  to  ground  impedance  of  25  Ohms.  The  3dB 
point  of  the  input  circuit  to  one  of  the  gates  can  be  approximated  by. 


f  1 

J  2nRC 

=  265MHz 

where,  C  =  24pF  (  gate  to  source  capacitance  of  MRF136  ). 
R  =  25  Ohms  the  impedance  of  the  signal  source. 
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This  was  sufficiently  removed  from  the  maximum  frequency  of  70MHz  to  not 
be  a  limiting  factor.  Although  an  input  Miller  impedance  of  25  Ohms  was  aimed 
for,  priority  was  given  to  tailoring  the  output  Miller  impedance  to  25  Ohms  in 
order  to  maxima's  the  transfer  of  power  from  the  output  of  the  active  device  to 
the  load.  This  ensured  that  the  degradation  of  OPIp3  through  an  impedance 
mismatch  was  minimal. 


The  value  of  Rf  was  chosen  using  the  following  empirical  method.  The  circuit 
of  fig.  la  was  built  and  the  bias  adjusted  for  class  A.  A  network  analyser  was 
used  to  monitor  rd.  Rf  was  initially  a  500  Ohm  variable  resistor.  Its  value  was 
adjusted  until  rd  equalled  25  Ohms.  The  variable  Rf  was  then  removed, 
measured  with  an  Ohmmeter,  and  replaced  with  a  fixed  resistor. 


A  value  of  270  Ohms  for  Rf  was  found  to  satisfy  the  requirements  for  an  rd  of 
25  Ohms.  Table  V  shows  the  output  impedance  (Zout)  or  the  rd  measured  using 
a  network  analyser  at  7MHz  for  various  values  of  Id  with  an  Rf  of  270  Ohms. 


Table  V:  Variation  in  Zin  and  Zout  of  the  circuit  in  fig.  I  with  changes  in  I D. 


Id  ( mA ) 

Zout  (Ohms) 

Zin  (Ohms) 

0 

290 

300 

50 

70 

55 

100 

45 

43 

200 

35  1 

34 

300 

30 

30 

400 

27-5 

r  30 

500 

26-5 

30 

600  1 

25 

r  30 

700 

25 

30 

800 

25 

30 

900 

25 

30 

1000 

25 

30 

1250 

25 

30 

1500 

25 

30 

The  25  Ohm  resistor  marked  Rin  in  fig.la  was  removed  and  placed  between  the 
drain  and  ground  via  the  decoupling  capacitor.  The  network  analyser  was  then 
used  to  measure  the  value  of  input  impedance  (Zin)  or  shunt  Miller  resistance  to 
ground,  (see  fig.lb).  This  is  also  shown  in  Table  V.  Figure  2  is  the  Smith  chart 
showing  both  input  and  output  impedances  at  an  Id  of  1A  with  Rf  in  and  out  of 
circuit  to  highlight  its  effect  over  the  frequency  range  of  2  to  70MHz.  The 
voltage  gain  at  7MHz  was  also  measured  using  an  oscilloscope  with  a  X10  probe 
and  found  to  be  7-7.  This  closely  agreed  with  Miller's  theory  which  states, 
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(3) 


Ag  - 


Rf_ 

ZlN 


7=8 


where  Ag  =  voltage  gain. 

Rf  =  feedback  resistor  (270  Ohms). 

Zin  =  input  Miller  resistance  (30  Ohms). 


and  therefore  indicated  that  all  was  well.  The  circuit  was  used  as  the  starting 
point  for  the  push/ pull  design. 


3.2  Output  Matching  Network 

The  circuit  shown  in  fig.ll  was  built  to  demonstrate  the  shortcomings  of  the 
output  transformer  configuration.  The  second  harmonic  varied  between  -45dBc 
to  -15dBc  over  the  frequency  range  of  2  to  30MHz  when  producing  +40dBm 
output.  The  area  where  this  method  of  transformer  coupling  can  be  improved  is 
in  the  suppression  of  even  order  harmonics,  which  leave  the  drains  as  common 
mode  currents,  pass  straight  through  to  the  centre  tap  of  the  output  transformer 
un-attenuated,  and  are  then  dumped  into  the  ground  plane.  It  will  be  shown 
later  that  the  common  mode  dynamic  output  impedance  (rdcom)  of  the  push/ pull 
pair  is  in  the  order  of  a  few  Ohms;  connecting  this  directly  to  ground,  via  a 
decoupling  capacitor,  will  drive  the  even  order  distortion  products  from  a  very 
low  impedance  into  the  ground  plane  where  they  can  modulate  the  circulating 
ground  currents  and  hence  appear  at  the  output.  The  centre-tapped  output 
transformer  provided  a  convenient  means  of  isolating  the  common  mode 
currents  from  the  wanted  R.F..  A  circuit  based  on  a  180°  hybrid  combiner  using 
transmission  line  transformers  was  developed  to  better  manage  the  even  order 
distortion  products  (see  fig.  12a).  A  more  detailed  description  is  given  under  the 
heading  of  Termination  Resistors. 


To  obtain  the  maximum  bandwidth  possible  the  1:1  output  balun  needed  to  be 
constructed  from  50  Ohm  transmission  line.  50  Ohm  transmission  line  was 
made  by  twisting  two  lengths  of  23  S.W.G.  enamel  covered  wire  together  at  nine 
twists  per  inch.  A  piece  lm  long  had  the  following  distributed  parameters. 


Distributed  L  =  257nH 


Distributed  C  =  113pF 


=  47.7  Ohms 


(4) 
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Under  ideal  conditions  a  1:1  transmission  line  balun  does  not  have  its  upper 
frequency  response  limited  by  the  transmission  line  length.  However  in  the  real 
world  the  output  impedance  of  the  active  devices  becomes  more  reactive  as  the 
frequency  is  increased.  The  greater  the  deviation  from  the  ideal  resistive 
termination  the  more  dependent  the  upper  frequency  response  becomes  on  the 
transmission  line  length.  Because  of  the  capacitive  loading  on  the  output 
transformer  by  the  active  devices  at  the  higher  frequencies,  it  was  decided  to 
ensure  that  the  transmission  line  length  adhered  to  the  same  design  rules  as 
transformers  with  impedance  ratios  other  than  1:1.  That  is,  the  line  length  did 
not  exceed  7.  X  at  the  highest  frequency  to  be  used  (ref.ll).  With  the  aid  of  a 
network  analyser  the  velocity  factor  of  this  twisted  pair  was  measured  and 
found  to  be  063.  At  70MHz,  the  highest  frequency  of  interest,  the  full 
wavelength  in  this  transmission  line  is  approximately  2-7m.  Applying  the  Vs  X. 
rule  gives  a  maximum  line  length  of  337mm. 


Amidon  material  43  was  chosen  for  the  toroidal  balun  for  its  high  permeability 
(850)  and  its  inherent  ability  to  absorb  R.F.  above  approximately  70MHz.  This 
ability  to  absorb  R.F.  offers  two  advantages:- 

1.  Helps  to  attenuate  the  harmonic  output  of  the  amplifier  above  70MHz 
by  absorbing  some  of  this  energy  into  the  core  material. 

2.  Suppresses  any  VHF/UHF  parasitic  oscillations  by  lowering  the  Q  of 
the  magnetic  circuits  at  these  frequencies. 

Six  turns  of  this  transmission  line  were  wound  on  an  Amidon  FT-50A-43  toroid 
to  form  the  1:1  balun.  The  inductance  of  one  winding  was  lOpH.  At  2MHz,  the 
lowest  frequency,  it  had  a  reactance  of  approximately  125  Ohms.  This  was  five 
times  rd  and  followed  the  "at  least  5  times  at  the  lowest  frequency"  rule  for 
broadband  transformers  (ref.ll).  The  length  of  transmission  line  required  for  six 
turns  was  140mm.  This  satisfied  the  less  than  l/s  X  for  the  upper  frequency 
response.  For  simplicity  in  manufacture  the  centre-tapped  R.F.  choke  was  the 
same  as  the  1:1  balun,  the  only  difference  being  the  way  it  was  connected  in  the 
circuit. 


3.3  Input  Matching  Network 

Table  V  shows  a  gate  to  source  spot  frequency  impedance  of  30  Ohms.  The  gate 
to  gate  input  impedance  of  the  push/ pull  amplifier  was  therefore  60  Ohms.  The 
input  matching  network  was  designed  along  the  same  lines  as  the  output 
network.  The  input  transmission  line  1:1  balun  consists  of  10  turns  of  0-4mm 
enamel  covered  wire  bifilar  wound  at  11  twists/inch  on  an  Amidon  FT-37-43 
toroid.  The  inductance  of  one  winding  was  36pH  and  the  distributed  impedance 
was  measured  and  found  to  be  53  Ohms.  For  simplicity  the  centre  tapped  R.F. 
choke  was  constructed  the  same  as  the  input  balun. 
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The  input/ output  matching  was  now  complete,  but  variation  of  both  input  and 
output  S.W.R.  with  frequency  over  the  five  octaves  was  expected.  Optimisation 
of  the  output  S.W.R.  and  best  compromise  of  the  input  through  the 
manipulation  of  Rf  and  the  insertion  of  a  resistor  between  the  gates  was  carried 
out  on  the  final  assembly. 


3.4  Biasing 

MOSFETs  have  a  negative  temperature  coefficient,  on  the  gate  threshold  voltage 
(VGS(th))  at  low  current  levels,  which  turns  positive  at  higher  currents.  This 
means  that  the  gate  threshold  voltage  at  high  current  levels  increases  with 
temperature,  trying  to  turn  the  device  off  (ref.6).  Biasing  the  power  F.E.T.s  into 
class  A  places  them  in  this  positive  VGS(th)  temperature  coefficient  region  and 
therefore  simplifies  the  design  of  the  bias  circuit.  Had  class  AB  been  chosen,  the 
VGS(th)  temperature  coefficient  would  swing  from  negative  at  its  quiescent  state 
to  positive  when  R.F.  drive  was  applied.  This  would  require  a  complex  bias 
circuit  to  properly  address. 


It  was  found  experimentally  that  the  best  compromise  between  device 
dissipation  (drain/  source  voltage  (Vds)  versus  drain  current  (Id))  and  OPIp3  for 
the  operating  point  of  the  MRF136  transistor  biased  in  class  A  was  for  a  Vds  of 
28V  at  an  Id  of  1A.  This  operating  point  returned  consistent  results  for  the 
manufacturer's  different  batch  numbers.  The  28  watts  of  heat  generated  per 
device  is  a  manageable  level.  The  gate  voltage  (Vgs)  required  to  set  the  Id  to  1A 
varied  between  4  to  6  volts  for  the  devices  tried.  An  8-2V  zener  diode  was 
chosen  to  provide  a  reference  voltage  from  which  the  bias  is  derived.  This  diode 
has  a  slight  positive  temperature  coefficient  which  helps  to  offset  the  positive 
shift  in  the  transistors'  VGS(th)  at  high  current  levels  as  the  temperature  rises.  The 
zener  also  prevents  any  A.C.  ripple  that  could  be  present  on  the  power  rail  from 
being  coupled  to  the  gates  as  a  common  mode  voltage  and  thus  modulating  the 
R.F.  output.  A  bypass  capacitor,  fitted  at  the  wiper  of  the  bias  adjusting  trim 
pot,  filters  out  the  noise  generated  by  the  avalanche  action  of  the  reference  diode. 


3.5  Transistor  Matching 

The  MRF136  transistors  are  available  as  a  matched  pair  in  a  common  package. 
The  cost  of  the  matched  pair  is  approximately  four  times  that  of  a  single 
transistor.  Because  it  was  intended  to  bias  the  transistors  in  class  A,  any  subtle 
differences  in  the  A.C.  characteristics  between  the  devices  would  be  swamped 
out  by  the  effects  the  feedback  resistor  (Rf)  has  upon  the  gain  and  input  and 
output  impedances.  It  was  therefore  not  considered  cost  effective  to  purchase 
the  matched  pairs,  since  matching  the  D.C.  characteristics  was  all  that  was 
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required.  The  transistors'  D.C.  characteristics  were  matched  by  comparing  the 
Id  holding  Vgs  constant.  A  maximum  deviation  in  Id  of  2%  was  the  limit  for 
matching  pairs.  A  full  A.C.  and  D.C.  matching  would  have  been  required  had 
class  AB  been  chosen.  The  higher  impedance  of  rd  in  its  quiescent  state  and  on 
each  alternate  half  cycle  of  the  input  driving  signal  when  the  active  device  is  cut 
off  would  not  swamp  out  these  variations  in  the  devices'  A.C.  characteristics.  60 
percent  of  the  first  batch  of  100  transistors  purchased  in  March  92  formed 
matched  pairs.  The  increase  to  80  percent  of  a  second  batch  of  100  purchased  14 
months  later  was  attributed  to  improved  manufacturing  techniques.  This 
second  batch  also  consistently  returned  an  OPIp3  ldB  higher  than  the  first. 


3.6  Termination  Resistors 

A  closer  examination  of  the  output  impedance  presented  by  the  transistor  drams 
for  both  differential  and  common  mode  operations  was  required  in-order  to 
choose  the  value  of  termination  resistors  (Rt)  required  for  the  180°  hybrid 
splitter/ combiners.  Differential  mode  will  be  covered  first. 


Odd  order  distortion  products  generated  within  the  transistors  appear  at  the 
drains  as  differential  voltages  and  currents  and  are  therefore  analysed  m  a 
similar  manner  to  the  fundamental.  The  basic  circuit  of  the  output  matching 
network  is  shown  in  fig.l2a.  This  has  been  re-drawn  in  fig.l2b  to  better 
emphasise  the  magnetic  coupling  of  the  1:1  balun.  The  -E  appearing  across  the 
lower  winding  of  the  balun  undergoes  a  180°  phase  change,  through 
transformer  action,  to  E  into  the  top  winding,  and  is  in  series  and  in  phase  with 
the  top  voltage  generator.  The  net  magnetic  flux  in  the  1:1  balun  is  zero  and  the 
circuit  is  further  simplified  in  fig.l2c.  The  centre-tapped  R.F.  choke  shown  in 
fig.l2a  has  across  its  ends  the  differential  voltages  E  and  -E.  The  construction  of 
this  choke  was  the  same  as  for  the  1:1  balun.  The  inductance  of  the  centre  tap  to 
either  end  is  lOpH.  At  2MHz  the  inductive  reactance  (Xl)  is  approximately  125 
Ohms.  This  is  where  the  reactance  is  the  lowest  for  the  frequency  range  being 
used.  As  the  frequency  is  increased  Xl  also  increases.  Provided  the  phase 
difference  between  the  two  voltage  generators  is  180°  and  their  magnitude  are 
equal,  the  centre  tap  of  the  R.F.  choke  will  be  at  earth  potential  and  no  power 
will  be  dissipated  in  Rt.  It  should  also  be  noted  that  under  the  same  conditions 
the  net  lines  of  flux  in  the  1:1  balun  is  zero  and  there  is  no  inductive  reactance 
associated  with  it. 


If  however  the  magnitudes  of  the  two  generators  are  unequal,  the  centre- 
tapped  choke  appears  as  a  wideband  4:1  impedance  ratio  transformer  to  the 
summation  of  the  two  voltages.  The  voltage  across  the  resistor  Rt  is  equal  to:- 
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(5) 


ET  = 


EMrE) 

2 


where,  Et  =  voltage  across  resistor  Rt 

E  =  voltage  from  one  side  of  R.F.  choke  to  ground 
-E  =  voltage  from  the  other  side  of  R.F.  choke  to  ground  and  180° 
displaced  from  E. 


From  this  it  can  be  seen  if  the  R.F.  choke  functions  as  a  4:1  transformer,  the 
value  of  Rt  required  to  provide  a  match  at  the  center  tap  for  imbalanced 
amplitudes  is:- 


ra  +  rd 


(6) 


where;  rd  +  rd  =  the  summation  of  the  two  dynamic  drain  impedances  of 
the  push/pull  pair,  usually  but  not  necessarily  of  equal 
value. 


The  1:1  balun  is  also  affected  by  an  imbalance  in  amplitude.  The  sum  of  the 
magnetic  flux  within  its  core  no  longer  cancels  and  the  residual  makes  the  balun 
appear  as  an  inductor  whose  inductance  increases  with  increasing  amplitude 
imbalance.  This  inductance,  which  appears  in  series  with  the  load,  could  be  un¬ 
noticed  at  2MHz  but  adversely  affect  the  frequency  response  at  70MHz. 


When  the  proper  attention  is  paid  to  design  and  circuit  construction,  the 
amount  of  power  dissipated  in  Rt  through  unequal  amplitudes  is  very  small. 
Voltages  developed  across  the  ends  of  the  centre-tapped  R.F.  choke  from  a 
reflected  wave  generated  by  extremes  of  S.W.R.  will  be  differential,  of  equal 
amplitude,  and  180°  displaced  with  respect  to  ground.  Again  very  little  power 
will  be  dissipated  in  Rt.  It  is  only  when  the  summation  of  E  and  -E  is  not  zero  or 
they  are  not  180°  displaced  that  the  power  in  Rt  will  be  of  concern.  This  is  most 
likely  to  happen  when  a  fault  in  the  push/pull  pair  has  occurred.  Under  such 
conditions,  gain,  upper  frequency  response  and  output  power  will  be  noticeably 
affected  and  the  amplifier  would  be  removed  from  service  for  repair. 


Common  mode  voltages  will  now  be  considered.  Internally  generated  even 
order  distortion  products  appear  at  the  drains  as  common  mode  voltages  and 
currents.  Provided  the  common  mode  sources  are  of  equal  amplitude  and  are  in 
phase,  the  magnetic  field  produced  in  the  1:1  balun  by  its  two  windings  will 
have  the  same  sense  and  hence  reinforce  each  other.  The  balun  now  functions  as 
an  R.F.  choke  isolating  the  load  from  the  common  mode  sources.  The  magnetic 
fields  generated  in  the  centre  tapped  R.F.  choke  will  be  equal  but  of  opposite 
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sense  and  hence  cancel  each  other.  The  net  inductance  is  zero.  This  R.F.  choke 
now  appears  as  a  short  circuit  connecting  the  two  drains  and  the  termination 
resistor  together  forming  a  parallel  circuit.  It  is  tempting  to  think  that  the  output 
impedance  for  this  common  mode  operation,  and  hence  the  value  of  Rt,  would 
be  the  two  rd  impedances  in  parallel.  Rt  would  then  have  the  same  value  as  that 
for  an  imbalance  in  the  differential  mode.  This  however  is  not  the  case.  The 
value  of  rdcom  in  this  common  mode  of  operation  is  not  the  same  as  the  rd  in 
differential  mode.  Ignoring  the  bias  and  D.C.  power,  fig.13  is  the  basic  circuit  of 
the  power  amplifier.  The  input/ output  1:1  baluns  now  appear  as  R.F.  chokes 
isolating  the  input  signal  source  and  the  load  from  the  active  devices.  The 
input/output  centre-tapped  R.F.  chokes  appear  as  a  short  circuit  connecting  the 
gates  and  input  Rt  together  and  likewise  with  the  drains  and  output  Rt.  The 
two  feedback  resistors  (Rf)  are  now  in  parallel  and  can  be  replaced  with  one 
resistor.  The  circuit  has  been  redrawn  in  fig.14  highlighting  these  changes.  The 
voltage  generator  for  the  even  order  distortion  products  can  now  be  seen.  The 
value  of  rdcom  is  still  unknown  and  is  dependent  upon  the  input  Rt  and  its 
relationship  to  Rf.  This  is  the  Miller  effect.  The  forward  gain  of  the  paralleled 
active  devices  to  the  voltages  appearing  at  the  drains  and  coupled  to  the  gates 
via  Rf  is:- 


-Ag- 


Zr/ 

Zr/  +  Zt 


(7) 


where;  -Ag  =  forward  voltage  gain  (less  than  1  and  inverting). 

ZRf  =  parallel  combination  of  the  feedback  resistor  as  depicted  in 
fig.14  and  combined  gate/  drain  capacitance. 

Zt  =  parallel  combination  of  the  input  Rt  and  the  combined 
gate/ source  capacitance. 


If  the  input  Rt  was  made  extremely  small,  the  forward  voltage  gain  would  be 
approaching  zero  and  very  little  negative  feedback  could  be  applied.  The  effect 
on  the  common  mode  voltage  at  the  drains  would  be  minimal.  If  however  the 
input  Rt  was  made  very  high,  the  forward  gain  would  approach  unity  and 
maximum  benefit  could  be  obtained  from  the  negative  feedback.  It  should  be 
noted  that  any  value  of  input  Rt  will  form  a  voltage  divider  with  Zrs  and  reduce 
the  amount  of  feedback  applied.  Also,  the  gate  to  source  capacitance  forms  a 
frequency  dependent  voltage  divider  network  with  ZRf.  This  decreases  the 
feedback  as  the  frequency  is  raised  resulting  in  an  increase  in  even  order 
harmonic  output.  At  this  stage  the  input  Rt  was  given  some  arbitrarily  high 
value  while  an  output  Rt  was  chosen. 


If  the  output  Rt  was  made  zero  Ohms,  all  the  even  order  distortion  products 
could  be  dumped  into  the  ground  plane.  This  is  undesirable  for  two  reasons. 

1.  The  path  from  the  drains  through  the  centre  tapped  choke  to  ground 
then  finally  to  the  transistor  source  tabs  has  distributed  inductance 
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associated  with  it.  At  some  V.H.F./U.H.F.  frequency  there  will  be 
enough  inductive  reactance  in  the  drain  circuit  to  provide  a  90°  phase 
shift  between  the  drain  voltage  and  current.  A  further  90°  phase  shift  is 
provided  by  the  internal  drain/  gate  capacitance.  The  feedback  applied  to 
the  gate  would  then  be  positive  and  oscillation  would  occur.  Isolating 
the  source  and  load  impedances  gives  rise  to  the  neutralisation  problem 
normally  associated  with  thermionic  valves.  With  the  input/ output 
baluns  acting  as  R.F.  chokes,  there  is  very  little  resistive  loading  placed 
on  this  power  oscillator  and  damage  to  the  active  devices  may  result. 

2.  The  rdcom  of  just  a  few  Ohms  could  modulate  the  ground  plane  with  the 
even  order  distortion  products.  This  would  be  very  noticeable  at  the 
higher  frequencies  where  the  reactance  of  the  distributed  inductance  and 
skin  effect  in  the  ground  plane  combine  to  form  the  working  load. 


It  should  be  noted  that  the  even-order  harmonics  delivered  to  the  load  resistor 
(Rl)  are  primarily  due  to  imbalances  between  the  active  devices  and  subtle 
differences  in  their  associated  circuits.  These  imbalances  create  differences  in 
amplitude,  with  respect  to  ground,  in  the  common  mode  voltages.  These 
differences  appear  as  differential  voltages  to  the  1:1  balun  and  hence  are  coupled 
to  Rl.  If  the  output  Rt  was  made  very  large,  there  would  be  no  working  load  for 
the  common  mode  generators  and  their  output  would  increase  to  the  open 
circuit  voltage.  The  magnitude  of  their  differential  is  also  proportionally 
increased  and  this  is  reflected  in  the  even  order  harmonic  output  delivered  to  Rl. 
From  the  above  it  can  be  seen  that  a  low  value  of  output  Rt  is  preferred. 
However,  too  low  a  value  will  risk  common  mode  parasitic  oscillations. 


The  common  mode  output  impedance  (rdcom)  was  then  measured  with  the 
input  Rt  open  circuit  and  also  with  an  arbitrary  value  of  240  Ohms.  A  network 
analyser  was  connected  where  the  output  Rt  would  normally  reside. 
Measurements  were  made  at  four  frequencies  and  Table  VI  lists  the  results. 


Table  VI:  rdcom  versus  frequency. 


FREQUENCY 

VALUE  OF  rdcoM  WHEN 
INPUT  Rt  =  °/c 

VALUE  OF  rdcoM  WHEN 
INPUT  Rt  =  2400 

7MHz 

1.90  jl.OO 

2.70  jl.OO 

14MHz 

2.80  j3.00 

30MHz 

3.90  j7.30 

60MHz 

6.00  jl3.840 

6.60  j!3.10 

Note  the  difference  in  output  impedance  between  differential  mode  (nominally 
50  Ohms;  fig.16)  to  that  of  the  common  mode  in  table  VI.  The  input  Rt  of  240 
Ohms  was  chosen  purely  as  a  starting  point.  It  appeared  as  a  960  Ohm  load  (240 
*  4)  to  the  imbalance  in  amplitude  of  the  common  mode  voltages  applied  to  the 
gates.  Most  of  the  imbalances  would  have  been  caused  by  differences  in  stray 
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inductance  and  capacitance  between  the  two  halves  of  the  push/ pull  circuit  and 
therefore  were  more  noticeable  at  the  higher  frequencies.  Table  VI  shows  that 
there  are  no  dramatic  changes  to  rdcom  at  60MHz  when  the  240  Ohm  input 
termination  is  added.  This  is  the  area  where  the  strays  were  most  noticeable  and 
indicated  the  240  Ohms  for  the  input  Rt  was  suitable.  Inserting  this  resistor  had 
minimal  effect  on  the  second  harmonic  of  a  30MHz  input  signal,  indicating  that 
the  effects  of  the  combined  shunt  gate/ source  capacitance  predominated. 
Harmonics  appearing  higher  than  70MHz  would  be  attenuated  by  a  L.P.  filter 
fitted  at  the  transmitter's  output  port.  The  common  mode  output  impedance  at 
60MHz  with  the  240  Ohm  resistor  for  the  input  Rt  is:- 


\Z\  =  VR2+X2  ( 8 ) 

Z  =  14.6  Ohms  Z63° 


where;  Z  =  common  mode  output  impedance. 
R  =  6.6  Ohms  from  table  VI. 

X  =  jl3.1  Ohms  from  table  VI. 


A  250  Ohm  variable  resistor  was  installed  for  the  output  Rt  and  an  input  signal 
of  3MHz  applied.  The  output  Rt  was  adjusted  and  the  harmonic  output 
examined.  The  even  order  harmonics  were  progressively  suppressed  when  the 
output  Rt  was  adjusted  from  250  Ohms  down  to  approximately  four  Ohms. 
This  is  where  the  amplifier  became  unstable  in  the  common  mode.  Altering  the 
input  signal  to  30MHz  and  carrying  out  the  same  tests  showed  that  very  little 
increase  in  the  suppression  of  the  even-order  harmonics  could  be  achieved  with 
an  output  Rt  below  approximately  20  Ohms.  This  indicated  that  below  20  Ohms 
the  distributed  inductance  of  the  ground  plane  predominated.  A  value  of  15 
Ohms  for  the  output  Rt  was  chosen,  sufficiently  removed  from  the  four  Ohms 
or  less"  instability  point  to  ensure  stable  operation  and  below  20  Ohms  where 
very  little  increase  in  suppression  could  be  obtained. 


3.6.1  Summarising  Rt 

It  has  been  shown  that  there  is  a  difference  in  the  output  impedance  of  the 
drains  as  they  produce  differential  and  common  mode  voltages  and  currents  for 
the  push/pull  circuit  presented.  It  was  also  shown  that  if  the  proper  attention  is 
paid  to  balancing  the  two  sides  of  a  push/ pull  amplifier,  very  little  could  be 
gained  by  matching  the  output  Rt  to  an  imbalance  in  amplitude  of  the 
differential  voltages.  Under  normal  operating  conditions  the  difference  in 
amplitude  would  be  very  small  and  hence  the  power  dissipated  in  the  output  Rt 
would  also  be  small.  There  are  however  gains  to  be  made  in  the  suppression  of 
internally  generated  even-order  products  through  the  manipulation  of  both 
input  and  output  Rt.  A  high  value  of  input  Rt  (240  Ohms  was  chosen)  has 
minimal  effect  upon  the  negative  feedback's  ability  to  suppress  the  even  order 
products.  The  gate/ source  capacitance  however  degrades  this  feedback 
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resulting  in  an  increase  in  the  even  order  products  as  the  frequency  is  raised.  A 
very  low  value  of  output  Rt  is  preferred,  but  this  can  cause  instability  at 
V.H.F./U.H.F.  frequencies.  An  output  Rt  of  15  Ohms  was  empirically  found  to 
be  a  reasonable  compromise  between  amplifier  stability  and  the  even  order 
harmonic  output. 


3. 7  Performance  Testing  1 0  Watt  Module 

Figure  15  shows  the  final  design  of  the  10  watt  output  module.  The  200  Ohm 
resistor  between  the  gates  together  with  the  340  Ohm  resistor  for  Rf  were  values 
derived  during  optimisation.  Quiescent  current  was  set  at  2A  total  for  class  A 
operation.  Figure  16  is  the  Smith  chart  showing  the  Zin  and  Zout  of  the  module. 
The  following  performance  figures  were  measured. 


Frequency  Range 

:  2MHz  to  70MHz 

Power  Gain 

:  17dB 

Gain  Variation 

:  less  than  +/-  IdB  (fig.22) 

OPIp3 

:  +57dBm  at  8MHz  (fig.23) 

:  +52dBm  at  65MHz  (fig.24) 

OPIp2 

:  +102dBm  at  5MHz  (fig.l7,ref.l2) 
:  +99dBm  at  8MHz  (fig,18,ref.l2) 

:  +81dBm  at  30MHz  (fig.l9,ref.l2) 
:  +81dBm  at  60MHz 

OPldBcomp 

:  +43dBm 

OP  Impedance 

:  50  Ohms  nominal 

OPVSWR 

:  1-4:1  maximum  (fig.  16) 

IP  Impedance 

:  50  Ohms  nominal 

IPVSWR 

:  1-8:1  maximum  (fig.16) 

D.C.  input  power 

:  28V  at  2A 

Figures  17  to  19  show  the  harmonic  output  of  the  module  when  delivering  10 
watts  into  a  dummy  load.  Figure  3  is  the  test  set-up  used  to  measure  the 
harmonic  output. 
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The  following  procedure  was  carried  out  to  test  the  durability  of  the  amplifier 
module  under  extremes  of  S.W.R..  The  module  was  driven  hard  into 
compression  producing  +46dBm  at  the  output.  Keeping  the  input  drive  level 
constant,  the  coax  cable  connecting  the  module  to  the  dummy  load  was 
disconnected  from  the  output  port  to  create  an  open  circuit.  An  R.F.  "sniffer" 
made  of  a  one  turn  loop  5cm.  in  diameter  connected  to  a  spectrum  analyser  was 
placed  over  the  active  devices  and  used  to  monitor  the  amplifier.  The  input 
signal  frequency  was  swept  from  2MHz  to  70MHz  then  back  to  2MHz  in 
lOOKHz  increments  with  a  0.1  second  dwell  time.  A  short  circuit  was  then 
placed  at  the  output  port  and  the  input  again  swept.  This  test  was  done  to 
ascertain  the  presence  of  any  destructive  parasitic  resonances  within  the  output 
coupling  network  under  open  and  short  circuit  conditions.  A  length  of  foam 
dielectric  low  loss  coax  cable  l-5m  long  was  connected  to  the  output  port  and  the 
short  and  open  circuit  transferred  to  the  far  end  of  the  coax  cable.  The  test  was 
then  repeated  to  determine  the  response  of  the  module  to  differences  in  phase 
between  the  forward  and  reflected  waves.  The  module,  when  pushed  3dB 
beyond  the  OPldBcomp,  was  consistently  free  of  parasitic  oscillations  and 
suffered  no  discernible  degradation  in  measured  performance. 


3.8  Complete  10  Watt  Amplifier 

The  design  of  the  pre-amp  and  driver  stages  for  this  standby  transmitter  was 
considered  to  be  straightforward  and  is  therefore  not  covered  in  detail.  A 
CA2818  hybrid  was  chosen  for  the  R.F.  pre-amp.  The  manufacturer  specifies  a 
noise  figure  of  5-5dB  which  should  keep  the  broadband  noise  appearing  at  the 
transmitter  output  port  to  acceptable  levels.  The  driver  stage  is  an  MRF136 
TMOS  transistor  operating  in  class  A  and  has  a  gain  of  14dB.  The  R.F.  pre-amp, 
driver  and  10  watt  power  amplifier  were  mounted  on  a  common  heatsink.  This 
complete  assembly  was  then  suspended  in  a  wind  tunnel  built  around  a 
standard  120mm  muffin  fan  and  forced  air  cooled.  All  the  components  of  the 
28V  power  supply  were  also  contained  within  the  wind  tunnel.  This  was  done 
to  ensure  adequate  cooling  should  the  airconditioning  unit  at  the  installation  site 
fail.  A  2MHz  to  70MHz  bandpass  filter  (fig.21)  designed  around  the  concepts 
highlighted  under  Lightning  Protection  was  installed  at  the  transmitter  output 
port.  The  complete  R.F.  circuit  appears  as  figs.  15,  20  and  21.  The  gam  variation 
and  OPIp3  of  the  10  watt  standby  transmitter  are  shown  in  figs.  22,  23  and  24. 


4.  50  Watt  Power  Amplifier 

The  earlier  discussion  on  lightning  protection  introduced  the  concept  of  stepping 
down  the  50  Ohms  of  the  transmission  line  using  a  1:4  transformer  to  12-5  Ohms 
in  order  to  reduce  the  impact  of  the  energy  induced  into  the  antenna  from  a  near 
lightning  strike  before  offering  it  to  the  transistor  drains.  The  impedance  of  the 
coaxial  transmission  line  required  to  make  this  transformer  is  25  Ohms,  the 
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geometric  mean  of  the  two  terminating  impedances.  25  Ohm  coax  was  made  by 
replacing  the  inner  conductor  of  RG-174/U  coax  cable  with  20AWG  PTFE  wire 
whose  overall  outside  diameter  is  T5mm  and  inner  conductor  diameter  is  1mm. 
A  lm  length  of  this  modified  coax  had  the  following  distributed  parameters. 


Distributed  L  =  125nH 
Distributed  C  =  207pF 
[L 

Zo  =  J—  =  24-6  Ohms  ( 9 ) 


The  velocity  factor  was  measured  and  found  to  be  0-63. 


Tests  were  carried  out  on  various  toroidal  cores  to  find  one  which  could  be 
used  for  this  1:4  transformer.  Ferrite  materials  designed  for  broadband  R.F. 
transformers  produce  inductors  that  have  a  low  Q  when  analysed  within  this 
area  of  operation.  The  low  Q  indicates  power  is  absorbed  within  the  core 
material.  At  low  power  levels  the  amount  of  energy  absorbed  and  dissipated  as 
heat  within  the  material  is  not  sufficient  to  cause  any  adverse  effects.  At  high 
power  levels,  the  heat  generated  within  the  toroidal  material  can  exceed  its 
ability  to  dissipate  it  to  the  surrounding  environment.  This  eventually  leads  to 
thermal  breakdown  of  the  materials  permeability.  It  was  intended  that  this  50 
watt  amplifier  would  survive  the  same  abuse  tests  as  the  standby  unit, 
particularly  when  driven  hard  into  compression  and  a  short  circuit  placed  at  the 
output  port.  None  of  the  ferrites  tried  survived  a  simulation  of  this  test.  They 
all  over-heated  to  the  point  of  thermal  breakdown.  To  overcome  this  problem  it 
was  necessary  to  measure  the  Q,  over  the  frequency  range  of  interest,  of  an 
inductor  wound  on  a  various  types  of  toroidal  former.  The  higher  the  Q,  the 
lower  the  power  absorbed  by  the  toroid  and  hence  the  less  internally  generated 
heat.  Only  powdered  iron  seemed  to  have  a  high  Q  across  the  2MHz  to  70MHz 
frequency  range.  It  should  be  noted  however,  that  once  this  material  has  been 
used  to  make  a  broadband  transformer,  and  this  transformer  has  been  loaded 
down  with  source  and  load  impedances,  its  ability  to  produce  high  Q  inductors 
becomes  meaningless.  Two  materials  in  particular,  Amidon  material  2  and  6, 
looked  promising.  Of  these  two,  material  6  was  chosen  for  its  slightly  higher 
permeability.  It  also  exhibited  the  least  amount  of  heat  and  had  a  flatter 
response  across  the  required  frequency  range.  Eleven  turns  of  25  Ohm  coax  was 
wound  on  an  Amidon  T-80-6  toroid  and  wired  as  a  1:4  auto-transformer.  The 
inductance  of  the  50  Ohm  winding  at  2MHz  was  2-5uH  and  the  line  length  was 
300mm.  Accepted  design  rules  for  broadband  transformers  were  broken,  and  a 
compromise  reached  between  core  heating,  line  length  and  inductive  reactance 
at  the  lowest  frequency.  More  work  needs  to  be  carried  out  to  find  a  core 
material  with  a  higher  permeability  and  low  internal  losses.  This  transformer 
was  used  to  step  the  50  Ohm  transmission  line  impedance  down  to  12-5  Ohms 
and  provide  the  working  load  for  the  50  watt  power  amplifier. 
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A  50  watt  push/ pull  power  amplifier  module  using  a  matched  pair  of  MRF171 
MOSFET  transistors  was  constructed  using  the  same  design  method  as 
presented  for  the  10  watt  module.  The  best  compromise  between  device 
dissipation  and  OPIp3  was  reached  at  a  Vcc  of  28V  and  a  total  Iq  of  5-8 A.  The 
OPIp3  was  +59dBm,  OPldBcomp  +50dBm  and  the  gain  variation  at  50  watts 
output  was  +/-ldB  from  2MHz  to  70MHz.  The  amplifier  did  not  survive  the 
abuse  test  when  it  was  driven  into  compression  and  a  short  circuit  placed  at  fire 
output  port.  It  was  also  felt  that  the  total  heat  being  dissipated  by  the  active 
devices  when  operating  in  class  A  was  excessive.  The  active  devices  had  to  be 
physically  as  close  as  possible  in  order  to  keep  the  inductive  path  between  their 
source  tabs  low.  This  ensured  that  reduction  of  gain  at  the  higher  frequencies 
through  degenerative  feedback  was  kept  to  a  minimum.  The  thermal 
conductivity  of  aluminium  (2-18W/cm°C)  was  not  ideal  and  the  close  proximity 
of  the  two  transistors  operating  in  class  A  concentrated  the  heat  produced  in  a 
small  area  of  the  heat  sink.  This  localised  concentration  of  heat  was  minimised 
by  mounting  the  transistors  on  a  copper  plate  (3-94W/ cm°C)  which  in  turn  was 
attached  to  the  heatsink.  This  ensured  a  more  rapid  dispersion  of  the  162  watts 
of  heat  produced.  Each  transistor  dissipated  81  watts  of  heat  into  the  heatsink. 
Calculating  the  junction  temperature  of  the  active  device  (ref.  7)  indicated  an 
operating  temperature  in  the  vicinity  of  180°C.  This  was  too  close  to  the 
maximum  temperature  of  200°C  and  quite  possibly  is  the  reason  for  the  failure 
of  the  amplifier  to  survive  the  short  circuit  abuse  test.  To  lower  the  Iq  m  an 
attempt  to  drop  the  junction  temperature  also  meant  lowering  the  OPIp3.  This 
was  not  acceptable.  The  thermal  problems  associated  with  operating  only  two 
active  devices  in  class  A  to  generate  50  watts  of  output  power  was  deemed 
impractical  to  solve.  A  new  approach  was  required. 


The  10  watt  module  that  had  already  been  developed  had  proved  very  rugged. 
Its  OPldBcomp  of  20  watts  indicated  four  modules  could  be  placed  in  parallel  to 
deliver  the  50  watts  with  2dB  of  headroom.  Power  from  a  reflected  wave  and 
energy  induced  into  the  antenna  from  a  near  lightning  strike  would  be  shared  by 
eight  active  devices.  The  thermal  problem  of  localised  heating  of  the  heatsink 
associated  with  operating  only  two  active  devices  would  also  be  solved.  The 
physical  size  of  the  individual  modules  would  ensure  a  more  even  distribution 
of  the  generated  heat.  The  calculated  junction  temperature  of  the  active  devices 
of  the  10  watt  module  was  approximately  125°C.  Placing  the  four  modules  in 
parallel  would  also  lower  the  overall  output  impedance  to  12-5  Ohms.  The 
output  of  the  combining  network  could  then  be  connected  directly  to  the  1.4 
output  transformer.  The  block  diagram  of  the  proposed  complete  50  watt  power 
amplifier  is  shown  in  fig.25. 


Figure  27  is  the  circuit  diagram  for  the  four  power  amplifiers  used  m  the  50 
watt  design.  Four  modules  were  built  and  their  outputs  parallelled  via  a 
combining  network  which  was  in  turn  connected  to  the  1:4  output  transformer. 
The  four  inputs  were  also  parallelled  with  a  combining  network  and  returned  an 
input  impedance  of  approximately  18  Ohms.  Care  had  to  be  taken  when 
installing  the  input/output  1:1  baluns  onto  the  circuit  card  to  ensure  the  correct 
phase  of  R.F.  was  delivered  to  the  output  combiners.  A  driver  stage  (fig.26)  with 
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nominal  input  and  output  impedances  of  60  Ohms  and  25  Ohms  respectively 
was  built  and  installed.  The  preamplifier  (fig.26)  used  both  lossless  and  resistive 
feedback  and  had  a  gain  of  15dB  with  a  noise  figure  of  3dB.  All  of  the  above 
components  were  installed  on  a  pair  of  heatsinks  obtained  from  R.S. 
Components  (cat  No.658-025).  These  heatsinks  are  designed  to  be  joined 
together  and  forced  air  cooled  by  a  standard  120mm  square  axial  flow  fan.  All 
power  supply  components  except  for  the  transformer  and  main  electrolytic  filter 
capacitors  were  also  mounted  on  the  heatsinks.  The  heatsinks  are  thermally 
monitored  and  a  cutout  provided  should  their  temperature  exceed  65°C.  It  was 
found  the  temperature  of  the  heatsinks  rose  22°C  above  ambient  when  the 
amplifier  was  operating  with  no  R.F.  input  drive. 


Initial  testing  revealed  a  0-5dB  premature  roll  off  of  the  upper  frequency 
response  when  compared  to  the  frequency  response  of  a  single  module.  This 
was  attributed  to  slight  variations  in  group  delay  of  the  output  combining 
network  as  it  coupled  the  outputs  of  the  four  modules  to  the  1:4  output 
transformer.  These  variations  were  caused  by  the  subtle  differences  in  winding 
capacitance  between  the  two  halves  of  the  individual  combiners.  The  difference 
in  capacitance  could  be  reduced  by  swamping  it  with  a  larger  capacitor  of 
known  value.  Too  large  a  capacitor  however,  will  degrade  the  upper  frequency 
response.  A  value  of  18pF  was  empirically  chosen.  This  capacitor  needed  to 
have  a  minimum  100V  rating  for  reasons  described  earlier  in  Lightning  Protection 
and  also  must  withstand  the  peak  R.F.  output  voltage  when  the  module  is 
driven  hard  into  compression  and  connected  to  an  open  circuit.  Placing  this 
capacitor  at  the  end  of  the  85mm  long  piece  of  50  Ohm  coax  used  to  connect  the 
output  of  the  modules  to  the  input  of  the  combiners  had  the  same  effect,  when 
examined  on  a  network  analyser,  as  using  the  same  length  of  25  Ohm  coax 
without  the  capacitor.  Measuring  the  distributed  L  and  C  of  this  modified 
85mm  50  Ohm  coax  with  the  18pF  capacitor  connected  and  calculating  the 
apparent  distributed  impedance,  returned  a  figure  of  26  Ohms.  This  confirmed 
the  85mm  length  of  25  Ohm  coax  could  be  used  here.  Whether  50  Ohm  or  25 
Ohm  coax  was  used,  care  had  to  be  taken  to  ensure  that  the  lengths  of  coax  line 
connecting  the  outputs  of  the  four  power  amplifier  modules  to  the  inputs  of  the 
combiners  were  equal  to  prevent  variations  in  group  delay  affecting  the  upper 
frequency  response.  The  25  Ohm  coax  was  chosen  because  its  breakdown 
voltage  far  exceeded  that  of  the  readily  available  18pf  high  Q  capacitors  and  it 
meant  four  fewer  components  in  the  combining  network.  The  four  50  Ohm  coax 
leads  from  the  combining  network  to  the  inputs  of  the  modules  had  also  to  be  of 
equal  lengths. 


Provision  was  made  on  the  driver  and  power  amplifiers  to  disable  their 
outputs  by  removing  their  bias  either  manually  or  under  computer  control.  This 
was  done  to  conserve  the  integrity  of  emergency  frequencies  by  disabling  the 
transmitter  for  relevant  portions  of  the  sweep  and  also  to  minimise  the  mains 
power  consumed  between  sweeps. 
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4.1  Performance  Testing  50  Watt  Amplifier 

The  following  performance  figures  were  measured  on  this  complete  assembly. 


Frequency  Range 

:  2MHz  to  70MHz 

Power  Gain 

:  49dB 

Gain  Variation 

:  less  than  +/-  ldB  (fig.36) 

OPIp3 

:  +62dBm  at  8MHz  (fig.  32) 

:  +59dBm  at  65MHz  (fig.33) 

OPldBcomp 

:  +49dBm 

OP  Impedance 

:  50  Ohms  nominal 

OPVSWR 

:  3:1  maximum  (fig.29) 

IP  Impedance 

:  50  Ohms  nominal 

IPVSWR 

:  2:1  maximum  (fig-28) 

Noise  Figure 

:  5dB 

D.C.  input  power 

:  28V  at  9 A 

The  poor  OPVSWR  is  to  be  expected.  This  highlights  the  compromises  made 
in  the  design  of  the  1:4  output  transformer  and  is  an  area  where  improvements 
can  be  made.  Figures  28  and  29  are  the  Smith  charts  showing  Zin  and  Zout 
respectively  of  the  complete  amplifier  from  2  to  70MHz.  Figures  34  and  35 
shows  the  third  order  products  when  producing  an  output  of  10  watts/ tone. 
The  slight  decrease  in  OPIP3  (compared  with  that  shown  in  figs.  32-33)  is  due  to 
the  peaks  of  the  two  tone  envelope  entering  the  OPldBcomp  point.  The  assembly 
was  driven  hard  into  compression  delivering  120  watts  of  R.F.  output  mto  a 
dummy  load.  The  abuse  tests  as  described  earlier  for  the  10  watt  design  were 
then  carried  out,  and  this  had  no  impact  on  the  above  performance  figures.  The 
2MHz  high  pass  and  70MHz  low  pass  filters  were  installed  and  the  abuse  tests 
repeated.  Apart  from  the  effects  of  the  insertion  loss  of  the  filters  there  was  no 
other  measurable  deviation  in  the  above  performance  figures  or  any  sign  of 
parasitic  oscillations  or  breakdown  in  the  gas  discharge  tube  installed  m  the 
2MHz  high  pass  filter.  A  2dB  pad  installed  at  the  amplifier  input  in  order  to 
reduce  the  gain  so  that  a  OdBm  input  signal  produced  +47dBm  output,  caused 
no  change  in  the  broad  band  noise  generated  by  the  amplifier,  however  the 
overall  noise  figure  increased  to  7dB.  Input  S.W.R.  was  improved  to  less  than 
1-4:1  by  the  inclusion  of  this  2dB  pad. 
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4.2  Near  Lightning  Strike  Test 


Figure  37  shows  the  test  set  up  to  simulate  large  differential  voltages  generated 
between  the  inner  and  outer  conductors  of  a  coaxial  transmission  line  by  an 
antenna  that  is  in  close  proximity  to  a  lightning  strike.  A  high  voltage,  high 
energy  0-5mfd  capacitor  was  used  to  store  the  charge  from  a  30KV  generator. 
The  earthed  outer  braid  of  RG-213  coax  was  connected  to  one  terminal  of  this 
capacitor.  A  needle  point  spark  gap  of  10mm  was  set  between  the  inner 
conductor  of  the  coax  and  the  capacitors  other  terminal.  The  breakdown  voltage 
of  the  spark  gap  was  in  the  vicinity  of  15KV  (ref.8).  The  input  drive  level  to  the 
amplifier  was  adjusted  to  produce  50  watts  of  R.F.  output  into  a  dummy  load  at 
a  frequency  of  20MHz.  Without  altering  the  R.F.  input  drive  level,  the  dummy 
load  was  disconnected  from  the  amplifier's  output  port  and  the  coax  cable  with 
the  high  voltage  spark  gap  was  connected  in  its  place.  The  amplifier's  forward 
and  reflected  power  was  50  watts.  The  high  voltage  generator  was  turned  on 
and  the  high  voltage  capacitor  allowed  to  slowly  charge  to  the  spark  gap 
breakdown  voltage.  After  breakdown  of  the  gap  had  occurred,  the  dummy  load 
was  reconnected  to  the  amplifier's  output  port  and  the  output  power  re¬ 
measured.  There  was  no  discernible  change  in  output  power.  This  test  was 
carried  out  several  times  with  the  same  results. 


5.  Conclusions 

The  design  of  a  robust  2MHz  to  70MHz  linear  power  amplifier  has  been 
presented.  It  was  shown  that  if  the  junction  temperature  of  the  output  active 
devices  is  kept  low,  a  conduction  angle  of  360°  provides  the  best  immunity  to 
damage  caused  by  extremes  of  S.W.R.  and  energy  induced  into  the  antenna  from 
near  lightning  strikes.  It  was  also  shown  that  an  appropriately  designed  2MHz 
high  pass  filter  with  a  low  out-of-passband  impedance,  fitted  at  the  output  port 
of  a  power  amplifier,  will  shunt  to  ground  the  majority  of  the  energy  induced 
into  an  antenna  from  a  near  lightning  strike;  this  action  greatly  increases  the 
output  active  devices'  chances  of  survival.  The  10  and  50  Watt  versions  of  the 
amplifiers  described  can  operate  continually  into  any  load,  at  any  phase  angle, 
and  any  power  level  up  to  and  including  their  OPldBcomp.  Since  March  1992, 
the  amplifiers  have  been  progressively  deployed  in  many  hostile  and  often 
unmanned  field  sites  with  excellent  results. 
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8.  Figures. 


8.1.  List  of  figures. 

1.  Test  circuits  used  to  measure  rd  and  input  shunt  Miller  resistance. 

2.  Smith  chart  highlighting  the  effects  of  Rf. 

3.  Test  set  up  employed  to  measure  harmonic  output. 

4.  Test  set  up  employed  to  measure  OPIp3. 

5.  Harmonic  output  class  A  8MHz  10  watts. 

6.  Harmonic  output  class  AB  8MHz  10  watts. 

7.  Harmonic  output  class  A  8MHz  5  watts. 

8.  Harmonic  output  class  AB  8MHz  5  watts. 

9.  2MHz  7th  order  OldB  H.P.  Chebyshev  filter. 

10.  70MHz  5th  order  0-ldB  L.P.  Chebyshev  filter. 

11.  Standard  push/ pull  amplifier. 

12.  Basic  output  matching  network. 

13.  Basic  circuit  of  power  amplifier. 

14.  Basic  circuit  common  mode  operation. 

15.  Final  design  of  10  watt  module. 

16.  Smith  chart  showing  Zin  and  Zout  of  10  watt  module. 

17.  5Mhz  harmonic  content  at  10  watts  output. 

18.  30MHz  harmonic  content  at  10  watts  output. 

19.  60MHz  harmonic  content  at  10  watts  output. 

20.  R.F.  pre-amp  and  driver  circuit. 

21.  2-70MHz  bandpass  filter. 

22.  AGain/ frequency  for  complete  10  watt  amplifier. 

23.  8MHz  OPIp3  at  +30dBm/tone. 


35 


24.  65MHz  OPIp3  at  +30dBm/  tone. 

25.  Block  diagram  of  50  watt  amplifier. 

26.  R.F.  pre-amp,  driver  and  splitter/ combiner  50  watt  amplifier. 

27.  2-70MHz  power  amplifier  50  watt  amplifier. 

28.  Smith  chart  of  Zm  from  2-70MHZ  50  watt  amplifier. 

29.  Smith  chart  of  Zout  from  2-70MHz  50  watt  amplifier. 

30.  50  watt  amplifier  8MHz  10  watt  output  harmonics. 

31.  50  watt  amplifier  8MHz  50  watt  output  harmonics. 

32.  50  watt  amplifier  8MHz  OPIp3  at  +30dBm/  tone. 

33.  50  watt  amplifier  60MHz  OPIp3  at  +30dBm/tone. 

34.  50  watt  amplifier  8MHz  OPIp3  at  +40dBm/tone. 

35.  50  watt  amplifier  60MHz  OPIp3  at  +40dBm/tone. 

36.  50  watt  amplifier  gain  variation  2-70MHz  at  +47dBm. 

37.  Test  set  up  to  simulate  large  induced  differential  voltages. 
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HP-8565  =  R.F.  SIG.  GEN  U.U.T.  =  UNIT  UNDER  TEST 

HP-8568  =  SPECTRUM  ANALYSER 
FILTER  =  LOW  PASS  Fc  AS  REQUIRED 


HARMONIC  TEST  CONFIGURATION 

FIG.  3 


HP-3335  =  R.F.  SIG.  GEN  U.U.T.  -  UNIT  UNDER  TEST 

HP-8568  =  SPECTRUM  ANALYSER 
FILTER  =  LOW  PASS  Fc  AS  REQUIRED 


AMP  =  +40dB  GAIN 
OPIp3  +60dBm 
OPIp2  +95dBm 


-30dB  —  HP-8568 


AMP  =  +40dB  GAIN 
OPIp3  +60dBm 
OPIp2  +95dBm 


OPIp3  TEST  CONFIGURATION 


10  dB/ 


10  dB/ 


Fie-8  Harmonic  output  class  AB  8MHz  5  watts. 


Filter  Order 

= 

7 

3dB  Frequency 

(KHz) 

= 

1800.000 

Source  Resistance 

(Ohns) 

= 

50 

Load  Resistance 

(Ohns) 

= 

50 

Series  C  Values 

(uF) 

C2 

= 

0,001164 

C4 

0.001052 

CS 

= 

0.001164 

Shunt  L  Values 

CnH) 

LI 

= 

0,003505 

L3 

= 

0.001974 

L5 

- 

0.001974 

L7 

= 

0.003505 

C2  C4  C6 


Fig  9 

2MHz  7th  order  Q.ldB  H.P.  chebushev  filter 


Filter  Order 


3dB  Frequency 

(KHz) 

= 

75000.000 

Source  Resistance 

(Ohns) 

= 

50 

Load  Resistance 

(Ohns) 

= 

50 

Series  L  Values 

(nH) 

LI 

= 

0,00165 

L2 

= 

0,00165 

Shunt  C  Values 

(uF) 

Cl 

- 

0,000055 

C3 

- 

0,000095 

C5 

= 

0,000055 

XI 


_rvv^  - 

C3 

C5 

X2 


■f 


Fig  10 


70MHz  5th  order  0 , IdB  L.P.  chebyshev  filter 


ATTEN  30  dB 


10  dB/ 


REF  20.0  dBm  ATTEN  30 


3 . 1 6uH  -  25T  0.8nn  on  T-80-G 
1.8uH  -  18T  0.8nn  on  T-80-S 
172nH  -  7T  1,0nn  on  7nn  Die  AIRCORE 


1000pF  172nH  1000pF 


Fig  21 


2-70MHz  bandpass  filter 


REF  20.0  dBm  ATTEN  30  dB 


REF  20  . 


Bias  Control 
(Inhibit  pouer  out) 


TO  INPUTS  OF  P . A .  MODULES 
VIA  EQUAL  LENGTHS  OF  RG-17-1. 
CO-AX  LENGTHS  AS  SHORT  AS 
POSSIBLE. 


RF  OUTPUT 
z=50ohn 


T1  ,T2  -  1GT  0.5nn  BIFILAR  WOUND  ON  FT-37-43 

T3,T^  -  GT  0  8nn  BIFILAR  UOUND  ON  FT-50A-43 

RFC1  -  8T  0.8nn  WOUND  ON  FT-50H3 

TRIMPOT  ADJUSTED  TO  GIVE  TOTAL  IQ  =  2A 
FETS  ARE  MRF136  D.C.  MATCHED  PAIR 
*  2  x  G80  0 .GW  RESISTORS  IN  PARALLEL 


Fig  27 


2-70MHz  power  anplifier  50  watt  transnitter 


REF  20.0  dBm  ATTEN  30  dB 


REF  20.0  dBm  ATTEN  30  dB 


10  dB/ 


60MHz  OPIp3  at  +30dBm/ tone 


10  dB/ 


ATTEN 
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APPENDIX 

Motorola  Semiconductor  Data  Sheets 
MRF136 


MOTOROLA 

SEMICONDUCTOR 

TECHNICAL  DATA 


The  RF  TMOS  Line 

RF  Power  Field-Effect  Transistors 

N-Channel  Enhancement-Mode  TMOS 

.  .  .  designed  for  wideband  large-signal  amplifier  and  oscillator  applications  in  the  2  to 
400  MHz  range,  in  either  single  ended  or  push-pull  configuration. 

•  Guaranteed  28  Volt,  150  MHz  Performance 


MRF136 

MRF136Y 


15  W.  30  W  2-400  MHz 
N-CHANNEL 
TMOS  BROADBAND 
RF  POWER  FETs 


MRF136 

Output  Power  =  15  Watts 
Narrowband  Gain  =  16  dB  (Typ) 
Efficiency  =  60%  (Typical) 

•  Small-Signal  and  Large-Signal 

Characterization 

•  100%  Tested  For  Load 

Mismatch  At  All  Phase 
Angles  With  30:1  VSWR 

•  Space  Saving  Package  For 

Push-Pull  Circuit 
Applications  —  MRF136V 

•  Excellent  Thermal  Stability, 

Ideally  Suited  For  Class  A 
Operation 

•  Facilitates  Manual  Gain 

Control,  ALC  and 
Modulation  Techniques 

MAXIMUM  RATINGS 


Value 

MRF136 

MRF136Y 

Drain-Source  Voltage 

VDSS 

65 

65 

Vdc 

Drain-Gate  Voltage  (RqS  =  1  MH} 

VdGR 

65 

65 

Vdc 

Gate-Source  Voltage 

VGS 

±40 

Vdc 

Drain-Current  —  Continuous 

>D 

2.5 

5 

Adc 

Total  Device  Dissipation  (a  Tc  =  25°C 

Derate  above  25°C 

Pd 

55 

0.314 

100 

0.571 

Watts 

W/°C 

Storage  Temperature  Range 

Tstg 

-  65  to  +150 

°C 

Operating  Junction  Temperature 

Tj 

200 

°C 

THERMAL  CHARACTERISTICS 


Characteristic 

Symbol 

Max 

MRF136  |  MRF136Y 

Unit 

Thermal  Resistance,  Junction  to  Case 

R<uc 

3.2 

1.75 

°c/w 

Handling  and  Packaging  —  MOS  devices  are  susceptible  to  damage  from  electrostatic  charge.  Reasonable  precautions  in  handling  and  packaging  MOS 


devices  should  be  observed 


MOTOROLA  RF  DEVICE  DATA 


MRF136,  MRF136Y 


ELECTRICAL  CHARACTERISTICS  (Tq  =  25°C  unless  otherwise  noted) 

[ _  Characteristic  1  Symbol  I  Min  I  Typ  j  Max  I  Unit 


OFF  CHARACTERISTICS  (NOTE  1) 


Drain-Source  Breakdown  Voltage 
(Vqs  =  0,  Iq  =  5  mA| 

V(BR1DSS 

65 

- 

- 

Vdc 

Zero-Gate  Voltage  Drain  Current 
(VDS  =  28  V.  Vqs  =  0) 

'OSS 

- 

- 

2 

mAdc 

Gate-Source  Leakage  Current 
(VGS  =  40  V.  VDS  =  0) 

'GSS 

- 

- 

1 

^Adc 

ON  CHARACTERISTICS  (NOTE  1) 


Gate  Threshold  Voltage 
(VDS  =  ^  V,  lD  =  25  mA| 

vGSIth) 

1 

3 

6 

Vdc 

Forward  Transconductance 
(VDs  =  10  V,  Ip  =  250  mA) 

Qfs 

250 

400 

- 

mmhos 

DYNAMIC  CHARACTERISTICS  (NOTE  1) 


Input  Capacitance 
(VDS  =  28  V,  VqS  =  0,  f  =  1  MHz) 

Liss 

24 

- 

pF 

Output  Capacitance 
(Vqs  =  28  V,  Vqs  =  0,  f  =  1  MHz) 

Loss 

- 

27 

- 

PF 

Reverse  Transfer  Capacitance 
(VDS  =  28  V,  Vqs  =  0,  f  =  1  MHz) 

Lrss 

— 

5.5 

- 

PF 

_ 

FUNCTIONAL  CHARACTERISTICS  (NOTE  2) 


Noise  Figure  MRF136 

(VDS  =  28  Vdc,  lQ  =  500  mA,  f  =  150  MHz) 

NF 

- 

1 

- 

dB 

Common  Source  Power  Gain  (Figure  1)  MRF136 

(VD0  =  28  Vdc.  Pout  =  15  W.  f  =  150  MHz,  Iqq  =  25  mA) 

Gps 

13 

16 

- 

dB 

Common  Source  Power  Gain  (Figure  2)  MRF136Y 

(Vqq  =  28  Vdc,  Pout  =  30  W,  f  =  150  MHz,  Iqq  «  100  mA) 

Lps 

12 

14 

- 

dB 

Drain  Efficiency  (Figure  1)  MRF136 

(Vqq  =  28  Vdc,  Pout  =  15  W,  f  =  150  MHz,  Iqq  =  25  mA) 

V 

50 

60 

- 

% 

Drain  Efficiency  (Figure  2)  MRF136Y 

(Vqq  =  28  Vdc.  Pou,  =  30  W,  f  =  150  MHz,  Iqq  =  100  mA) 

V 

50 

54 

- 

% 

Electrical  Ruggedness  (Figure  11  MRF136 

(VDD  =  28  Vdc,  Pou,  =  15  W.  f  =  150  MHz,  Iqq  =  25  mA, 

VSWR  30:1  at  all  Phase  Angles) 

* 

No  Degradation  in  Output  Pc 

wer 

Electrical  Ruggedness  (Figure  21  MRF136Y 

<VD0  =  28  Vdc,  Pou,  =  30  W,  f  =  150  MHz,  Iqq  =  100  mA, 

VSWR  30:1  at  all  Phase  Angles) 

No  Degradation  in  Output  Power 

Notes:  1.  For  MRF136Y,  each  side  measured  separately 

2.  For  MRF136Y  measured  in  push-pull  configuration 


MOTOROLA  RF  DEVICE  DATA 


MRF136,  MRF136Y 


Cl,  C2  —  Arco  406.  15-115  pF  or  Equivalent 

C3  —  Arco  404,  8-60  pF  or  Equivalent 

C4  —  43  pF  Mini-Unelco  or  Equivalent 

C5  —  24  pF  Mini-Unelco  or  Equivalent 

C6  —  680  pF,  100  Mils  Chip 

C7  —  0.01  fiF  Ceramic 

C8  —  100  p.F,  40  V 

C9  —  0  1  fiF  Ceramic 

CIO,  Cl  1  —  680  pF  Feedthru 

D1  —  1N5925A  Motorola  Zener 


11  —  2  Turns,  0.29"  10.  #18  AWG,  0.10"  Long 

L2  —  2  Turns,  0.23"  ID.  #18  AWG.  0.10"  Long 

L3  —  2-1/4  Turns.  0.29"  ID.  #18  AWG,  0.125"  Long 

RFC1  —  20  Turns,  0.30"  ID,  #20  AWG  Enamel  Closewound 

RFC2  —  Ferroxcube  VK-200  —  19/4B 

R1  —  27  n.  1  W  Thin  Film 

R2  —  10  kfl.  1/4  W 

R3  —  10  Turns.  10  kf 1 

R4  —  1.8  kft.  1/2  W 

Board  Material  —  0.062"  G10,  1  oz.  Cu  Clad,  Double  Sided 


Figure  1.  150  MHz  Test  Circuit  (MRF136) 


Cl  —  5  pF 

C2.  C3.  C4.  C6,  C7,  C9.  Cl  1  —  0.1  pF  Ceramic 
C5,  C8  —  680  pF  Feedthru 
CIO  —  15  pF 

D1  —  1N4740  Motorola  Zener 

RFC!  —  17  Turns,  #24  AWG  Wound  on  R5 

RFC2  —  Ferroxcube  VK-200-19  4B  or  Equivalent 

R1  —  10  kii.  1/4  W 

R2,  R3  —  560  D.  1/2  W 

R4  —  10  Turns.  10  kii 


R5  —  56  kf),  1  W 
R6  —  1.6  kii,  1/4  W 

T1  —  Primary  Winding  —  3  Turns  #28  Enameled  Wire. 

—  Secondary  Winding  —  2  Turns  #28  Enameled  Wire. 

Both  windings  wound  through  a  Fair/Rite  Baiun  65  core 
Part  #2865002402. 

T2  —  1:1  Transformer  Wound  Bifilar  —  2  Turns  Twisted  Pair 
#24  Enameled  Wire  through  a  Indiana  General  Baiun  Q1 
core.  Part  #  18006-1  -Ql.  Primary  winding  center  tapped 
Board  Material  —  0.062"  G10,  1  oz.  Cu  Clad,  Double  Sided 


Figure  2.  30-150  MHz  Test  Circuit  (MRF136Y) 


MOTOROLA  RF  DEVICE  DATA 


Pout-  OUTPUT  POWER  (WATTS)  Pou(.  OUTPUT  POWER  {WATTS)  OUTPUT  POWER  (WATTS) 


MRF136,  MRF136Y 


MRF136 


Figure  3.  Output  Power  versus  Input  Power  Figure  4.  Output  Power  versus  Input  Power 


Pin.  INPUT  POWER  IWATTSI  vDD.  SUPPLY  VOLTAGE  IVOLTS] 


Figure  5.  Output  Power  versus  Input  Power  Figure  6.  Output  Power  versus  Supply  Voltage 

f  =  100  MHz 


Voo  SUPPLY  VOLTAGE  (VOLTS)  Vqo,  SUPPLY  VOLTAGE  (VOLTS) 

Figure  7.  Output  Power  versus  Supply  Voltage  Figure  8.  Output  Power  versus  Supply  Voltage 

f  =  150  MHz  f  =  200  MHz 


MOTOROLA  RF  DEVICE  DATA 


MRF136,  MRF136Y 


12  14  16  18  20  22  24  26  28 


Vqd.  SUPPLY  VOLTAGE  (VOLTS) 

Figure  9.  Output  Power  versus  Supply  Voltage 
f  =  400  MHz 
MRF136 


-  ?  -6  -5  -4  -3  -2  -  1  0  1  2  3 

VGS,  GATE-SOURCE  VOLTAGE  (VOLTS) 


Figure  10.  Output  Power  versus  Gate  Voltage 
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■ 
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□ 

VGS-  GATE-SOURCE  VOLTAGE  (VOLTS) 


TC.  CASE  TEMPERATURE  (°C) 


Figure  11.  Drain  Current  versus  Gate  Voltage 
(Transfer  Characteristics)* 
MRF136/MRF136Y 


Figure  12.  Gate-Source  Voltage  versus 
Case  Temperature* 
MRF136/MRF136Y 


Figure  13.  Capacitance  versus  Drain-Source  Voltage* 
MRF136/MRF136Y 

•Data  shown  applies  to  MRF136  and  each  half  of  MRF136Y. 


Vqs.  DRAIN-SOURCE  VOLTAGE  (VOLTS) 

Figure  14.  DC  Safe  Operating  Area 
MRF136/MRF136Y 


MOTOROLA  RF  DEVICE  DATA 


Pout,  OUTPUT  POWER  (WATTS) 


MRF136,  MRF136Y 


MRF136Y 

TYPICAL  PERFORMANCE  IN  BROADBAND  TEST  CIRCUIT 
(Refer  to  Figure  2| 


Pin,  INPUT  POWER  (WATTSI  (,  FREQUENCY  IMH;I 


Figure  15.  Output  Power  versus  Input  Power  Figure  16.  Power  Gain  versus  Frequency 


Figure  17.  Drain  Efficiency  versus  Frequency  Figure  18.  Output  Power  versus  Gate  Voltage 

TYPICAL  400  MHz  PERFORMANCE 


Figure  19.  Output  Power  versus  Input  Power  Figure  20.  Output  Power  versus  Gate  Voltage 

f  =  400  MHz  f  -  400  MHz 


MOTOROLA  RF  DEVICE  DATA 


MOTOROLA  RF  DEVICE  DATA 


MOTOROLA  RF  DEVICE  DATA 


MRF136,  MRF136Y 


DESIGN  CONSIDERATIONS 


The  MRF136  and  MRF136Y  are  TMOS  RF  power  N- 
Channei  enhancement  mode  field-effect  transistors 
(FETs)  designed  especially  for  HF  and  VHF  power  am¬ 
plifier  applications.  Motorola  TMOS  FETs  feature  planar 
design  for  optimum  manufacturability. 

Motorola  Application  Note  AN211A,  FETs  in  Theory 
and  Practice,  is  suggested  reading  for  those  not  familiar 
with  the  construction  and  characteristics  of  FETs. 

The  major  advantages  of  TMOS  RF  power  FETs  include 
high  gain,  low  noise,  simple  bias  systems,  relative  im¬ 
munity  from  thermal  runaway,  and  the  ability  to  with¬ 
stand  severely  mismatched  loads  without  suffering  dam¬ 
age.  Power  output  can  be  varied  over  a  wide  range  with 
a  low  power  dc  control  signal,  thus  facilitating  manual 
gain  control,  ALC  and  modulation. 

DC  BIAS 

The  MRF136  and  MRF136Y  are  enhancement  mode 
FETs  and,  therefore,  do  not  conduct  when  drain  voltage 
is  applied  without  gate  bias.  A  positive  gate  voltage 
causes  drain  current  to  flow  (see  Figure  11).  RF  power 
FETs  require  forward  bias  for  optimum  gain  and  power 
output.  A  Class  A8  condition  with  quiescent  drain  current 
Odq)  in  the  25-100  mA  range  is  sufficient  for  many  ap¬ 
plications.  For  special  requirements  such  as  linear  am¬ 
plification,  l[)Q  may  have  to  be  adjusted  to  optimize  the 
critical  parameters. 

The  MOS  gate  is  a  dc  open  circuit.  Since  the  gate  bias 
circuit  does  not  have  to  deliver  any  current  to  the  FET,  a 
simple  resistive  divider  arrangement  may  sometimes 
suffice  for  this  function.  Special  applications  may  require 
more  elaborate  gate  bias  systems. 


ulation  schemes  into  system  designs.  A  full  range  of 
power  output  control  may  require  dc  gate  voltage  ex¬ 
cursions  into  the  negative  region. 

AMPLIFIER  DESIGN 

Impedance  matching  networks  similar  to  those  used 
with  bipolar  transistors  are  suitable  for  the  MRF136  and 
MRF136Y.  See  Motorola  Application  Note  AN721,  Imped¬ 
ance  Matching  Networks  Applied  to  RF  Power  Transis¬ 
tors.  Both  small  signal  scattering  parameters  (MRF136 
only)  and  large  signal  impedance  parameters  are  pro¬ 
vided.  Large  signal  impedances  should  be  used  for  net¬ 
work  designs  wherever  possible.  While  the  s  parameters 
will  not  produce  an  exact  design  solution  for  high  power 
operation,  they  do  yield  a  good  first  approximation.  This 
is  particularly  useful  at  frequencies  outside  those  pre¬ 
sented  in  the  large  signal  impedance  plots. 

RF  power  FETs  are  triode  devices  and  are  therefore  not 
unilateral.  This,  coupled  with  their  very  high  gain,  yields 
a  device  capable  of  self  oscillation.  Stability  may  be 
achieved  using  techniques  such  as  drain  loading,  input 
shunt  resistive  loading,  or  feedback.  S  parameter  stability 
analysis  can  provide  useful  information  in  the  selection 
of  loading  and/or  feedback  to  insure  stable  operation.  The 
MRF136  was  characterized  with  a  27  ohm  input  shunt 
loading  resistor,  while  the  MRF136Y  was  characterized 
with  a  resistive  feedback  loop  around  each  of  its  two 
active  devices. 

For  further  discussion  of  RF  amplifier  stability  and  the 
use  of  two  port  parameters  in  RF  amplifier  design,  see 
Motorola  Application  Note  AN215A  on  page  6-204  in  the 
RF  Device  Data  (DL110  Rev  1). 


GAIN  CONTROL 

Power  output  of  the  MRF136  and  MRF136Y  may  be 
controlled  from  rated  values  down  to  the  milliwatt  region 
{>20  dB  reduction  in  power  output  with  constant  input 
power)  by  varying  the  dc  gate  voltage.  This  feature,  not 
available  in  bipolar  RF  power  devices,  facilitates  the  in¬ 
corporation  of  manual  gain  control,  AGC/ALC,  and  mod¬ 


LOW  NOISE  OPERATION 

Input  resistive  loading  will  degrade  noise  performance, 
and  noise  figure  may  vary  significantly  with  gate  driving 
impedance.  A  low  loss  input  matching  network  with  its 
gate  impedance  optimized  for  lowest  noise  is 
recommended. 
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Spatial  Processing  Group  DSTOS  currently  has  oblique  ionosonde  transmitters  deployed  in  a  variety  of  remote,  often 
unmanned,  locations  in  tropical,  arid  inland,  and  polar  regions,  and  equipment  reliability  is  of  the  utmost 
importance.  The  commercial  H.F.  power  amplifiers  initially  installed  proved  unreliable  in  the  field,  and  motivated 
the  development  of  a  more  robust  unit.  10  Watt  and  50  Watt  designs  are  presented  with  their  measured 
characteristics,  and  a  detailed  discussion  of  important  design  criteria. 
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